
   

Regional Review 
 
Diarrheagenic Escherichia coli in sub-Saharan Africa:  status, uncertainties 
and necessities 
  

Iruka N. Okeke 
 
Department of Biology, Haverford College, Haverford, PA, United States. 
 

Abstract 
Diarrhea is a leading cause of illness and death, particularly in developing countries.  Enteropathogenic Escherichia coli, enterotoxigenic E. 

coli (ETEC), enteroinvasive E. coli, enterohemorrhaghic E. coli (EHEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli 

(DAEC) have been associated with diarrheal disease in different parts of Africa, particularly among young children, HIV-positive 

individuals, and visitors from abroad.  Each of these E. coli pathotypes uses distinct mechanisms, which are only partially understood, to 

colonize infected hosts and produce diarrhea.  All known diarrheagenic E. coli pathotypes have been reported from diverse locations within 

Africa but the true burden from these pathogens is unknown because very few studies seeking these organisms with discriminatory 

methodology have been performed.  Recent reports implicate ETEC and EAEC in a considerable proportion of childhood and travellers’ 

diarrheas and suggest that some sub-types of these categories may have greater epidemiological significance than others.  The significant 

contribution of EHEC to bloody diarrhea and hemolytic uremic syndrome is underappreciated because diagnostic capacity for this pathotype 

is generally inferior to that for confounders such as Shigella and Entamoeba.   Recent studies in Africa have revealed the worrisome 

emergence of antimicrobial resistance and high asymptomatic carriage rates for diarrheagenic E. coli but bacterial and host factors that 

predispose to disease, as well as non-human reservoirs, are largely unknown.  Future diarrheal disease research needs to focus on broadening 

the repertoire of pathogens sought in epidemiological surveys to include multiple categories of diarrheagenic E. coli while building capacity 

to detect these pathogens in local reference laboratories. 
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Introduction 
Diarrhea is a predominant cause of childhood 

illness and death in developing countries.  Even 

though tried-and-tested interventions mean that 

almost all diarrheal deaths are potentially 

preventable, Bryce et al. [1] estimated that between 

2000 and 2003, sixteen percent of deaths of children 

under five in Africa were due to diarrhea.  In recent 

years, childhood deaths from diarrhea have begun to 

fall worldwide, largely due to the introduction and 

widespread implementation of oral rehydration 

therapy.  But in spite of heightened appreciation for 

risk factors such as unclean water, premature 

weaning, bottle-feeding, and malnutrition, the 

number of bouts of infantile diarrhea has risen 

steadily in the last decade and the decline in diarrheal 

disease deaths is least perceptible in the African 

continent [2-4].  Some children in developing 

countries experience over a dozen episodes of 

diarrhea in their first year.  Repeated and persistent 

diarrhea in young children contributes to significant 

cognitive and growth impairment that can impact 

school performance and development [5-7].  Diarrhea 

makes a greater contribution to malnutrition and 

growth impairment than other common infections 

and Escherichia coli diarrheas may be even more 

detrimental than rotavirus infections in this regard 

[5,8,9]. The diverse range of diarrheagenic E. coli 

pathogenic types (pathotypes) and antigens means 

that children may be subject to repeated infection by 

different subtypes without immune protection. 

Adults from lower burden countries commonly 

contract infectious diarrhea when they visit high-

burden areas.  In the late 1970s, the median attack 

rate among American Peace Corpers visiting Africa 

for six weeks or less was 54%. (This is probably an 

overestimate of the true traveller’s diarrhea attack 

rate since Peace Corpers, in their early 20s, have 

typically had little previous travel experience and are 

more likely to engage in risky or adventurous 

behavior) [10].  In many cases, etiologic agents of 

travellers’ and infantile diarrhea are similar but in 
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some cases they are not and the extent to which the 

etiology of these two syndromes overlap is not 

precisely known [3,11,12]. 

Diarrhea affects visitors to and children in 

hyperendemic areas most markedly but resident 

adults are also at risk of infection. Available data 

suggests that pathogens that typically cause persistent 

or invasive infections in children are often isolated 

from adults [13-15].  It is not clear whether this arises 

from bias since adults in endemic areas are least 

likely to seek care for diarrheal disease and, in 

Africa, these studies have always been performed at 

health institutions.  Elderly patients may be as 

vulnerable to infection as young children and some 

pathogens can cause infections in individuals of all 

ages.  More recently, HIV-infected patients have 

emerged as another hyper-susceptible sub-population 

from whom diarrheagenic E. coli pathotypes are 

often recovered [16-18]. 

Infectious diarrhea can be caused by viruses and 

bacteria as well as parasites, and patients may have 

mixed infections.  Few studies look for major 

pathogens in all classes and even fewer studies seek 

supposedly minor pathogens so that the true 

contribution of many agents to disease is uncertain.  

Biomedical and clinical research has focused on 

those agents that are mostly likely to cause life-

threatening illness, to spread rapidly, or to be vaccine 

controllable.  Epidemiological research is also biased 

towards those agents that are most easily detected.  

Rotavirus, Salmonella spp. and Shigella are among 

the most investigated etiologic agents, particularly in 

Africa, for many of the aforementioned reasons, and 

diarrheagenic E. coli, which are difficult to 

differentiate from commensals, are less frequently 

sought. 

In studies that have sought a broad range of 

pathogens, diarrheagenic E. coli have repeatedly 

featured as predominant causes of diarrhea.  Brooks 

et al. [19] recently identified diarrheagenic E. coli in 

20% of specimens in which a bacterial pathogen was 

detected; 34% of those were from children less than 5 

years old.  In Mozambique, diarrheagenic E. coli 

were recovered from 41.8% of children with diarrhea 

and 18.2% of controls.  In the same study, rotavirus 

was detected in stools from 18.2% and 5%, and 

parasites from 37.8% and 56.8% of children with 

diarrhea and controls respectively [20].  A Tanzanian 

study found that screening for diarrheagenic E. coli 

increased the proportion of cases for which a 

pathogen could be identified by 34.6% in the dry 

season and 28% the rainy season to over 70% overall 

[21]. Conversely, studies that have failed to seek 

more than one class of diarrheagenic E. coli have 

often reported low rates of pathogen recovery [22]. 

Diarrheagenic E. coli have been recognized as 

intestinal pathogens since the 1940s when Bray 

hypothesized that that E. coli subtypes might account 

for common infantile diarrhea of unknown etiology 

and identified a strain of Bacterium coli var 

neapolitanum, or enteropathogenic E. coli O111, as a 

probable cause of infantile diarrhea  [23].  Using the 

Kauffman scheme of O:H serotyping, Neter was able 

to conclusively test the Bray hypothesis and report 

that certain ―enteropathogenic‖ serovarieties of E. 

coli showed close association with infantile diarrhea 

[24].  Their etiologic role in diarrhea was verified by 

Levine et al. in volunteer challenge experiments 

reported in 1978 [25].  Half a century of 

microbiology research revealed that most 

―enteropathogenic‖ serotypes harbored virulence 

genes that are absent in non-pathogens so that by 

1998, five categories of diarrheagenic E. coli that had 

been unequivocally associated with diarrhea were 

known and at least three more categories were under 

evaluation [26]. 

There are geographic variations in the 

epidemiology of different pathotypes and their sub-

types, and surveillance for diarrheagenic E. coli 

remains weak.  Although some pathotypes show 

promise for vaccine development, not enough is 

known about predominant subtypes to assure that 

vaccines will be effective in the places where they are 

most needed.  Many of these problems are global but 

each is accentuated in sub-Saharan Africa due to a 

combination of a high burden from diarrheal 

infections and diagnostic insufficiency [27]. 

 

Enteropathogenic E. coli 
The locus for enterocyte effacement (LEE) is a 

chromosomal pathogenicity island that confers a 

distinctive ―attaching and effacing‖ phenotype 

(Figure 1). Enteropathogenic E. coli (EPEC) are 

diarrheagenic E. coli that have the LEE but do not 

carry genes for the phage-borne Shiga-toxins of 

enterohemorrhagic E. coli. Typical EPEC strains also 

carry a virulence plasmid, which bears genes 

encoding bundle-forming pili, the plasmid encoded  

regulator and other putative virulence genes.  

Evolutionary research has identified four major 
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lineages of typical EPEC, suggesting that this 

pathotype emerged by horizontal acquisition of key 

virulence loci multiple times [28,29]. 

Cravioto [30] and Tzipori et al. [31] must be 

credited for devising the first serotype-independent 

means for delineating EPEC.  By identifying 

localized adherence and attaching-and-effacing as 

phenotypes associated with EPEC pathogenesis, they 

also paved the way for molecular studies that led to 

the discovery of major EPEC virulence factors. 

Within two decades of their reports, the localized 

adherence phenotype (Figure 2a) was attributed to 

bundle-forming pili (BFP) encoded on the EPEC-

adherence factor (EAF) plasmid, and the attaching-

and-effacing phenotype to the chromosomal LEE 

pathogenicity island.  The current model of typical 

EPEC infection begins with BFP-mediated localized 

adherence.  Bacteria then deliver a translocated 

intimin receptor (Tir) to infected host cells by means 

of a LEE-encoded type III secretion system.  The Tir 

protein inserts into the host membrane, providing a 

receptor for the bacterial outer-membrane protein, 

intimin, also LEE encoded.  Intimin-bound Tir is 

tyrosine phospohorylated in the host, beginning a 

cascade of signaling events that ultimately lead to 

reorganization of the host cytoskeleton around the 

bacteria [32] (Figure 1).  A number of effector 

proteins, encoded within and outside of the LEE, are 

delivered via the type III secretion system and likely 

contribute to diarrheagenicity [33].  Additionally, 

EspC, an autotransported enterotoxin which also 

confers lysozyme resistance, is secreted by some 

strains [34,35]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the 1970s and 1980s, ―classical‖ EPEC 

serotypes were associated with disease in many parts 

of Africa, suggesting that EPEC was a predominant 

cause of diarrhea at that time.  These data should be 

interpreted with caution, in part because they were 

based on O:H-serotyping, or O-serogrouping, alone 

but also because very few studies performed in 

Africa were controlled before 1985. Notwithstanding, 

in South Africa, one study identified Rotavirus and 

EPEC as the most common cause of childhood 

diarrhea and throughout the 1970s and 80s, summer 

diarrhea had similar prevalence and etiology as did 

this syndrome in the Northern hemisphere until the 

1960s [36-38] and in South America to this day.  

East, Central and West African studies using 

serological methods found EPEC highly prevalent 

[39-44]. 

Although O- or O:H-typing was the standard 

diagnostic test for EPEC until the 1980s, many early 

African studies do not record the O-groups detected, 

potentially because they employed pooled antisera 

[41].  However, when specific O-groups were 

reported, EPEC O111 was often predominant and 

documented in outbreaks with high fatality rates in 

Africa [39,42,44-48].  O111 EPEC were similarly 

recovered from nursery outbreaks in the US from the 

early and mid-1900s and EPEC strain B171-8, a 

prototypical strain from a US nursery outbreak, 

possesses the LEE, BFP and other virulence-plasmid 

borne genes as well as other loci hypothesized to 

contribute to disease [49,50].  Examination of isolates 

from a Kenyan outbreak suggests that the etiologic 

O111 strain was a typical EPEC isolate [47] but in- 

 

Figure 1.  Attaching and effacing by an enteropathogenic E. coli strain 

intimately adhered to cultured human epithelial cells. 
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depth molecular characterization of O111 isolates is 

yet to be performed.  A large partially conserved 

resistance plasmid has recently been described in 

O111 EPEC and other EPEC2-lineage strains [51] 

but isolates from Africa, which are often multiply 

resistant [47], have not been screened for this 

element. 

When data from controlled studies in Africa 

became available, the significance of EPEC as a 

pathogen in published literature began to decline 

[20,52-56].  Due to a number of beneficial advances, 

it is impossible to precisely pinpoint a reason(s) for 

this decline.  Breastfeeding is protective against 

diarrhea, and against EPEC in particular.  It is 

possible that that EPEC became a less predominant 

cause of diarrhea as a consequence of the 

UNICEF/WHO 0-6 month exclusive breastfeeding 

campaign [57-59].  At the same time, the discovery 

of BFP and the LEE [60,61] permitted researchers to 

use molecular methods and/or adherence assays for 

EPEC identification.  As some, but not all, EPEC so 

identified belong to classical EPEC serogroups, and 

there may be non-EPEC strains that express EPEC 

O:H antigens, there is only partial overlap between 

EPEC as defined after 1990 and EPEC reported in 

earlier studies.  This is illustrated by a 1990 report 

from Djibouti, which identified 28 ―EPEC‖ 

belonging to classical serogroups, but only ten of 

these showed localized adherence, even though 

typical EPEC show this phenotype [62]. Thirdly, 

earlier data is predominantly from South Africa 

and/or urban areas.  Data from other parts of Africa  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and from provincial and rural regions where the 

etiology of diarrheal disease could differ 

considerably has been more commonplace in recent 

years [19,56,63-65]. Thus it is unclear whether EPEC 

infection has declined due to interventions, or 

whether earlier studies produced an overestimate of 

the relative contribution of these organisms to the 

overall diarrheal disease burden. 

Having documented these uncertainties, it is 

important to emphasize that EPEC has been, and 

remains, an important cause of diarrheal disease, 

even if it may be subordinate to some other diarrheal 

pathogens in this role [66].  EPEC infections are most 

common, and most serious, in children under one 

year of age, and continue to be associated with 

disease in this age group, as illustrated by recent 

reports from Mozambique and Botswana [56,67].  

Additionally, EPEC has emerged as an important 

cause of diarrhea in HIV-infected individuals.  A 

Central African Republic study found that EPEC 

from classical serogroups, that also showed localized 

adherence and hybridized to the eae probe, were 

strongly associated with chronic diarrhea in these 

patients (p < 0.001)[68]. 

With regard to virulence factor content, two 

major subtypes of EPEC are presently recognized.  

Typical strains harbor the LEE and the EAF plasmid 

while atypical strains have the LEE but lack the EAF-

plasmid or EAF-associated virulence plasmid.  The 

definition is fuzzy in that some ―atypical‖ strains are 

unavoidably typical isolates that lost the EAF after 

isolation and others contain parts of the plasmid but 

do not express bundle-forming pili [69,70].  

Figure 2.  Adherence patterns of diarrheagenic E. coli to cultured epithelial cell A.  Localized Adherence by 

enteropathogenic E. coli, B. Aggregative Adherence, C. Diffuse Adherence D.  Non-adherent control strain. 
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However, available data appear to suggest that 

typical strains belong to a few well-defined clones, 

which were represented by the earlier-defined 

―classical‖ serotypes, including those implicated in 

well-investigated nursery outbreaks, whereas there 

are many more lineages of atypical EPEC [71,72].  

More recent evidence has emerged to suggest that 

atypical EPEC may play a more important role in 

persistent diarrhea [73]. 

Few African studies have attempted to delineate 

typical and atypical EPEC but examples of both that 

do not belong to classical serovars exist and have 

been recovered in Africa.  Vila et al. identified 21 

EPEC isolates from 346 diarrheal stool specimens in 

Tanzania [64].  They were able to identify eae, a 

gene on the LEE, in 20 of these strains but the 

plasmid loci bfp and/or EAF were found in only 

eight.  Similarly, in Mozambique, nine of 16 EPEC 

strains identified lacked bfp and showed localized as 

opposed to diffuse adherence [20].  Thus typical as 

well as atypical EPEC are common and diagnostic 

tests that delineate EPEC lineages rather than detect 

specific virulence factors are poorly predictive of 

EPEC in much of Africa where epidemiology has not 

been well defined.  Lacher et al. [28] have shown that 

EPEC isolates from a single study performed in 

Guinea Bissau represent diverse lineages, 

emphasizing the need to employ virulence gene or 

virulence phenotype-based detection systems.  

Although popular and requiring no extraneous 

facilities for use, EPEC O-antisera is not a cost-

effective tool for identifying this pathogen.  PCR or 

hybridization for LEE genes such as the eae gene, 

encoding intimin, virulence plasmid loci such as bfp, 

or the demonstration of localized adherence or the 

attaching-effacing phenotype represent more reliable 

ways to identify EPEC.  Unfortunately, as molecular 

and tissue-culture facilities are not widely available, 

many diagnostic laboratories and epidemiological 

researchers continue to use O-group typing as the 

sole means for identifying EPEC in many places 

[74,75]. 

 

Enterotoxigenic E. coli  
Upon realization that some E. coli isolates from 

patients with diarrhea could induce fluid 

accumulation in a ligated rabbit ileal loop model, it 

was found that some enterotoxigenic E. coli (ETEC) 

elaborated toxin very similar to cholera-toxin [76,77].  

In the 1970s and early 1980s, strains producing this 

heat labile enterotoxin and/or a heat stable 

enterotoxin were among the most common causes of 

diarrhea in travellers visiting Kenya [78,79]. Those 

studies also revealed that that ETEC isolates from 

Kenya were commonly antimicrobial sensitive, and 

that antimicrobials could be administered to prevent 

traveller’s diarrhea.  Similar reports implicated ETEC 

in infantile diarrheas in Kivu Province, Zaire, and 

Lagos, Nigeria [52,80,81].  Early studies identified 

ETEC by screening for toxigenic activity of isolates 

or with immunologic reagents that agglutinated the 

heat-stable or heat-labile enterotoxin.  The transition 

from phenotypic to genotypic definition of ETEC 

was less confounding than with EPEC because both 

tests essentially measured the same thing—

enterotoxigenicity [41,82,83], which makes older 

studies comparable to modern ones. 

ETEC is one of the best documented and 

predominant causes of diarrhea in travellers visiting 

African countries from Europe and North America 

[12,84-86].  ETEC vaccines could therefore be 

revenue-generating and their development is 

consequently an area of priority research [11,87].  

ETEC is also a major etiologic agent of infantile 

diarrhea in African countries, which could benefit 

considerably from vaccine development [66,88].  

Among children less than five years of age, ETEC is 

strongly associated with disease and in many studies 

was the most common cause of acute diarrhea 

[65,66,80,89].  ETEC can quickly produce potentially 

fatal dehydration in young children and has been 

associated with life-threatening persistent diarrhea in 

those who are malnourished [86,90].  Although less 

common, ETEC can also cause diarrhea in older 

residents in endemic areas [86].  One study in rural 

Tanzania found that ETEC diarrheas were 

significantly more likely to occur in the dry than in 

the rainy season [21];  however, it is possible that 

different ETEC subtypes vary in their seasonality 

[86]. 

ETEC strains colonize the small intestine and 

typically cause a watery diarrhea.  Abdominal pain 

and vomiting are less common than with many other 

enteric pathogens [91].  ETEC strains elaborate a heat 

labile toxin (LT), which is structurally and 

mechanistically similar to the more active cholera 

toxin, and/or a heat stable toxin (ST). There are two 

types of ST – the human (STh) and ―porcine‖ (STp) 

varieties, although the latter is also implicated in 

human disease.  While there are also two types of LT, 

only LT-1 is believed to play a role in human disease 

[26]. LT, which structurally and functionally 

resembles cholera toxin, was initially thought to be 

the more significant than ST. However, a large US 
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nursery outbreak in 1974-75 was attributed to ST-

producing ETEC [92] and shortly after, Levine et al. 

[93] demonstrated that strains producing ST alone 

were capable of eliciting diarrhea, nausea, vomiting 

and abdominal cramps in adult volunteers.  This 

finding is backed by epidemiological evidence, 

including controlled studies performed in different 

parts of Africa, which suggest that ST-producing 

ETEC are more strongly associated with childhood 

diarrhea than are LT-producing strains, even though 

the latter may be more common overall 

[41,65,91,94].  The same may also be true for 

travellers’ diarrhea [95].  The greater significance of 

ST is of direct consequence to vaccine development 

because this small toxin is only immunogenic when 

conjugated:  LT vaccines are much easier to design. 

In theory, ETEC adhesins, so called coli-surface 

(CS) antigens, represent a more useful target for 

vaccine development than toxins; however, there are 

over 20 known CS antigens and while a multi-

component vaccine is a possibility, the relative 

importance of each one varies with geography 

[26,86,96,97]. Some CS antigens assemble into 

fimbrial or fibrillar structures called colonization 

factor antigens (CFAs) of which there are four 

morphological types. Longus, a bundle-forming, 

pilus, is comprised of CS21 units and appears to be 

more common in ST-producing strains [98,99].  

Between 8% and 36% of ETEC isolates from 

different locations express the longus pilus, generally 

in conjunction with other CS antigens [100-103]. 

ETEC strains may possesses one or more non-

fimbrial adhesins (recently reviewed by Fleckenstein 

et al. [104]).  One of these, EtpA, is a glycoprotein 

that links flagella to host cells and may be a potential 

vaccine candidate [105,106]. 

A Kenyan study focusing on travellers suggested 

a predominance of CFA/IV and similar findings were 

made in an earlier study that examined ETEC isolates 

from Zaire and Rwanda [95,107].  CFA/IV is 

typically comprised of CS6 with CS5 or CS4. 

Steinsland et al. [94] sought to determine the role of 

ETEC in infantile diarrhea and to identify 

predominant CFAs in Guinea-Bissau.  They 

performed a longitudinal cohort study in which they 

collected weekly specimens from 200 children aged 

over one to two years and identified 1,018 distinct 

ETEC infections over the study period.  More than 

one ETEC strain was recovered from as many as 89 

infections and sporadic as well as epidemic infections 

were detected.  Furthermore, 565 ETEC isolates 

carried the LT-encoding genes alone and the 

remainder were roughly equally divided between ST 

alone-positive strains and strains possessing genes for 

both toxins [94]. Odds ratios for diarrhea only 

exceeded 2.0 in infections caused by strains bearing 

the STh toxin, with apparent disregard to CS antigen, 

or LT-positive strains with select colonization 

factors, notably CS7.   STh was more commonly 

associated with epidemics.  With respect to 

colonization factors, CS6 was the most common CS 

antigen, alone or in combination with other antigens, 

but the CS6-CS5 combination, which was predicted 

to be important in travellers’ diarrhea studies from 

Kenya and central Africa [95,107], was seen in only 

26 (2.6%) isolates from the Guinea Bissau study.  

CS17, prominent in central African isolates from 

over a decade before [107], was found in only 21 LT-

positive isolates and  CS21, the longus pilus surface 

antigen, was seen in 11 isolates, all of which were 

ST-positive. 

Interestingly, Steinsland et al. [94] recovered 

ETEC strains bearing almost all known types of 

colonizing factor antigens and many strains were 

negative for all known CS antigens.  CS13, CS15, 

CS18, or CS19, considered uncommon due to reports 

from other areas, were common among ETEC from 

Guinea-Bissau, supporting to the idea that knowledge 

about so-called common factors should not bias 

studies in previously uninvestigated parts of the 

world.  The value of this large and in-depth study is 

considerable.  Further analysis revealed that previous 

ETEC infection was protective in Guinea Bissau 

children, but that although LT conferred protection 

against subsequent LT-ETEC infection, surprisingly, 

CS antigens did not confer cognate protection [108].  

Even though adhesins are generally good vaccine 

candidates, this may not be so for ETEC. 

There are varieties of ETEC that cause diarrhea 

in livestock, including pigs and calves. Almost a third 

of porcine E. coli examined in Zimbabwe were 

positive for one of the LT or ST variants or a Shiga-

toxin gene [109].   For most ETEC, host selectivity is 

defined by surface antigen tropism and most animal 

isolates have other adhesins [110] but least some 

animal ETEC may also have the potential to cause 

disease in humans [111].  One study appeared to 

suggest that person-to-person transmission of ETEC 

was unlikely, at least among healthy adults in 

America (likely due to high infectious dose) but 

similar studies have not been performed with children 

or in Africa [112]. ETEC are believed to be primarily 

transmitted via contaminated food and water. ETEC 

strains have been recovered from river water in 
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Kenya but other studies tracking ETEC in non-human 

specimens are needed [113]. 

Antimicrobial resistance of ETEC is a growing 

concern.  The toxin genes in these bacteria are borne 

on plasmids that may also bear antimicrobial 

resistance genes and in some cases are self-

transmissible [114-117].  ETEC strains could 

additionally acquire resistance on mobile elements 

distinct from the toxin-bearing plasmid.  In both 

scenarios, antimicrobial use provides selective 

pressure for toxigenic strains and plasmids.  

Resistance rates to previously effective drugs such as  

the tetracyclines, trimethoprim-suphamethoxazole 

and ampicillin have risen to 30-90% in some parts 

[62,64,85,95,117].  As a consequence, quinolones 

became the drugs of choice for traveller’s diarrhea 

but resistance to these drugs has also emerged.  As 

with other E. coli, this is typically due to point 

mutations in the quinolone resistance determining 

regions of the gyrA and parC genes although other, 

more recently described, mechanisms are yet to be 

investigated [118,119]. 

 

Enteroinvasive E. coli and Shigella 
Shigella spp are the etiologic agents of bacillary 

dysentery and a common cause of travellers’[85], 

childhood, and adult diarrheal disease. Dysentery is a 

typically non-voluminous, invasive diarrheal 

syndrome that may, but not always, be accompanied 

by gross blood, leukocytes and/or mucus in stool.  

The interested reader is referred to extensive 

Shigella-specific reviews [120-122].  Unlike other E. 

coli, Shigella rarely ferment lactose at all, ferment 

other sugars aerogenically, decarboxylate lysine, and 

are non-motile in conventional laboratory media.   

For this reason, Shigella was earlier assigned a 

separate genus but molecular data has revealed that 

Shigella are in fact E.  coli species [123].  Because 

Shigellae cause a well-defined disease syndrome, the 

façade of a separate genus has been maintained in 

clinical microbiology in spite of its acknowledged 

biological inconsistency. Enteroinvasive E. coli 

(EIEC) classify biochemically as E. coli but share 

many properties, including virulence mechanisms, 

with Shigella.  The shared properties of different 

Shigella and EIEC arise from evolutionary 

convergence rather than a recent shared common 

ancestor [124-126]. 

Shigella and EIEC possess a large invasion 

plasmid, which encodes the Mxi-Spa type III 

secretion system and invasion plasmid antigen (Ipa) 

effectors, conferring upon these bacteria the ability to 

invade eukaryotic cells. The plasmid also encodes 

IcsA, which makes it possible for bacteria to travel 

from cell to cell in vivo, eluding the immune system.  

Shigella dysenteriae type I has Shiga toxin genes and 

is associated with epidemic dysentery.   Other 

Shigella and EIEC may carry genes encoding one or 

more Shigella enterotoxins.  They typically lack 

many E. coli metabolic genes and the loss of some of 

these loci is pathoadaptive [127,128]. 

It is important to understand local Shigella 

epidemiology and susceptibility patterns because the 

infectious dose of these organisms is low and 

antimicrobials, which are indicated in bacillary 

dysentery, must often be prescribed empirically.  

Fortunately, Shigella is among the best studied 

diarrheal pathogens in Africa, largely because it can 

be isolated, identified and even subtyped by aerobic 

cultural methods and serotyping alone.   However, 

generation and dissemination of epidemiological data 

still falls short of need.  Shigella flexneri is the 

serovariety that predominates in developing 

countries, including those in Africa, although 

virtually all serovars are recovered in medium to 

large studies [129-132]. Shigella remains an 

important etiologic agent of diarrheal disease in older 

children and adults [19]. It is probable that EIEC 

shares this epidemiological feature [133] but it is 

rarely sought. 

EIEC often ferment lactose, making them almost 

as difficult to delineate from commensals as other 

diarrheagenic E. coli, and consequently their 

epidemiology in Africa is much less well studied than 

Shigella.  EIEC can most easily be detected by 

probing for the invasion plasmid, which is also 

present in Shigella.  EIEC can also be distinguished 

from other E. coli by measuring invasion in tissue 

culture cells or guinea-pig conjunctivae (the Sereny  

test).  EIEC strains, like Shigella and unlike most 

other E. coli, will also often bind Congo red, ferment 

sugars anearogenically, fail to ferment lactose or to 

decarboxylate lysine.  However, although 

biochemical tests are valuable pre-screens, none 

show sufficient sensitivity or specificity to be 

considered diagnostic for EIEC. 

Over the last decade, EIEC were sought but not 

found in one Gabonese study and studies from 

Kenya, Mozambique, Ghana and Nigeria also 

identified a small number of EIEC isolates but saw 

no significant association with disease [14,15,20,134-

136].  In Senegal, ipaH-positive E. coli (ipaH is a 

marker for Shigella and EIEC) were recovered from 

16 of 279 people with diarrhea and 8 of 276 controls 



Okeke - Diarrheagenic E. coli in Africa        J Infect Dev Ctries 2009; 3(11):817-842. 
 

824 
 

 

 (P < .000001) [137]. Other studies have invariably 

found proportionately more EIEC in cases than 

controls and the failure to detect disease association 

appears to be linked to overall low prevalence of 

these pathogens and the small sample size of these 

studies. EIEC may be at least as prevalent as Shigella 

in some areas but studies specifically designed to 

study EIEC may be needed to verify this [14,65]. 

Vargas et al. found that sporadic Shigella 

infections are more common in the dry than in the 

rainy season in Tanzania (P = 0.02) [21], a feature 

that agrees with the association of poor-quality water 

as the most significant risk factor for dystentery in 

the Limpopo Valley of southern Africa [138].  

Shigella have a low infection dose, in part conferred 

by acid resistance that also makes survival in low-pH 

foods possible, and these bacteria have been isolated 

from a variety of street-vended foods in Addis 

Ababa, Ethiopia [139] and Accra, Ghana [140]. 

Survival at low pH is also of significance in parts 

of Africa where fermented corn gruels of various 

types are the principal weaning food and acid adapted  

Shigella can survive for up to two days [141]. EIEC 

and Shigella have not been reported as predominant  

 

 

 

causes of diarrhea in HIV patients.  In north-west 

Ethiopia, Shigella was recovered from 3.5% of HIV-

1-seropositive patients, 5.1% of HIV-1-negative 

patients with diarrhea, and 2.5% of healthy controls.  

Shigella showed no association with disease or with 

diarrhea in HIV-1-positive patients [142]. Similar 

findings were made in Senegal and the Central 

African Republic [143,144]. 

Sh. dystenteriae type I can cause large epidemics 

in people of all ages and may also show seasonality 

[145].    This highly virulent serotype produces Shiga 

toxin, which exacerbates bloody diarrhea and can 

also precipitate hemolytic uremic syndrome [146-

149].  In the last decade, large Sh. dysenteriae type I 

outbreaks have been documented from the Central 

African Republic (2 outbreaks) [150], Cameroon 

[151], Sierria Leone [152], Zimbabwe [153], South 

Africa [154], and Kenya [155], in addition to 

numerous sporadic reports.  Molecular studies 

suggest that a few Sh. dysenteriae clones account for 

epidemics over several decades worldwide and these 

clones’ bacteria move through large geographical 

areas periodically flaring epidemics and then 

disappearing or relocating [156,157]. Many 

epidemics in Africa may in fact be connected and the 

 Evidence for 

diarrheagenicity 

Adherence 

Pattern 

Known Principal Virulence Factors 

Enteropathogenic E. 

coli (EPEC) 

Epidemiologic 

associations, Outbreaks, 

Human volunteer 

challenge 

Localized Locus for enterocyte effacement (LEE) encoding 

intimate adhesin, intimin, type III secretion 

system and secreted effectors, secreted effectors 

encoded outside the LEE, bundle forming pili and 

other virulence-plasmid genes, EspC enterotoxin 

Enterotoxigenic E. coli 

(ETEC) 

Epidemiologic 

associations, Human 

volunteer challenge 

Weak Diffuse Heat stable toxin (ST), Heat labile toxin (ST), 

colonization factor antigens (CFAs), longus pilus, 

Tia invasin 

Enteroinvasive  E. coli 

(EIEC) and Shigella 

Epidemiologic 

associations, Outbreaks 

Variable Invasion plasmid encoding type III secretion 

system and secreted effectors,  IcsA, Shigella 

enterotoxins, Shiga toxins (Stx; Sh. dysenteriae), 

pathoadaptive deletions in house-keeping genes 

Enterohemorrhagic  E. 

coli (EHEC) 

Epidemiologic 

associations, Outbreaks 

Variable LEE, Shiga toxins (Stx), virulence plasmid 

encoded enterohemolysin, accessory adhesins 

Enteroaggregative  E. 

coli (EAEC) 

Epidemiologic 

associations, Outbreaks, 

Human volunteer 

challenge 

Aggregative Dispersin, Aggregative Adherence Fimbriae 

(AAF; multiple types), Plasmid-encoded toxin, 

EAEC heat-stable toxin (EAST-1), accessory 

adhesins 

Diffusely-adherent E. 

coli (DAEC) 

Epidemiologic 

associations 

Diffuse Diffuse adhesin (Daa), AIDA adhesin, other 

adhesins 

Cell-detaching E. coli Epidemiologic 

associations 

Detaching Alpha hemolysin, P-pili, Cytotoxic Necrotizing 

Factor 

Cytolethal-distending 

toxin-producing E. coli 

- Variable Cytolethal distending toxin 

Table 1: Characteristics of diarrheagenic E. coli pathotypes.  
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absence of reports from other areas is likely failure to 

detect, report or publish outbreaks. 

Shigella isolates are increasingly multiply-

resistant.  Bogaerts et al. [158] recorded a 

progressive increase in resistance of Shigella isolates 

from Rwanda to ampicillin, chloramphenicol, 

tetracycline, trimethoprim and sulphonamides 

between 1983 and 1993, and similar reports come 

from Ghana [159].  Resistance is also highly 

prevalent among all Shigella serovars from Sudan, 

Kenya, Nigeria and Ethiopia [129,131,160,161].  A 

class 2 integron bearing cassette encoding resistance 

to trimethoprim, streptomycin, and spectinomycin 

has been described in Sh. sonnei from Senegal [162].  

Recent studies [158] have additionally observed the 

emergence of nalidixic acid resistance and 

subsequent rapid increase in the prevalence of 

resistance to that drug upon its introduction.  

Widespread resistance prompts concern 

antimicrobials are indicated in invasive and 

potentially life-threatening Shigella infections.  A 

combination of diagnostic insufficiency, inadequate 

surveillance, and limited drug choice means that 

many patients in Africa infected with Shigella do not 

receive an antimicrobial to which the infecting 

organism is susceptible [163].  Shigella outbreaks 

have been associated with complex emergencies 

following civil conflict and case fatality rates are 

high when etiologic organisms are multiply-resistant 

[152,164].  

 

Enterohemorrhagic E. coli  
Reports of hemorrhagic colitis- and hemolytic 

uremic syndrome-associated E. coli first appeared in 

the literature in 1983, when  Karmali et al. 

demonstrated their cytotoxicity [165,166].  In the 

same year, O’Brien et al. reported that E. coli 

O157:H7 isolates from cases of hemolytic uremic 

syndrome produced a toxin later shown to be phage-

borne and  identical to the Sh. dysenteriae type I 

Shiga toxin (Stx) [166,167].  In addition to Stx, 

enterohemorrhagic E. coli (EHEC) strains 

additionally contain the LEE, a plasmid-borne 

enterohemolysin and other virulence genes (Table 1).  

Stx-positive E. coli that lack the LEE and 

enterohemolysin are referred to as Shiga-toxin 

producing E. coli (STEC) and at least some STEC are 

also highly virulent pathogens.  STEC have been 

reported from a number of locations, including 

Nigeria [65], Uganda [168] and the Central African 

Republic [68].  In the Central African Republic, they 

have been associated with hemorrhagic colitis and 

hemolytic uremic syndrome in HIV-positive patients 

[68]. 

Because EHEC was initially associated with 

bulk-produced beef products in North America and 

Western Europe, it was earlier thought that these 

pathogens would not be seen in developing countries.  

The first documentation of EHEC in Africa was a 

sporadic case of hemorrhagic uremic syndrome 

caused by EHEC O157:H7 and reported from South 

Africa in 1990 [169].  Three years later, a South 

African laboratory described one of the largest EHEC 

outbreaks in the world, which began on a sugar 

plantation in Swaziland, and resulted in 

approximately 2,000 deaths [170,171]. The spread of 

the organism is likely to have been augmented by 

contamination of surface water by dead and dying 

cattle, or consumption of meat from there, which was 

in turn exacerbated by a drought [171]. 

In 1996, Germanii et al. [172] described an 

EHEC outbreak in Central African Republic.  Like 

subsequent EHEC epidemics in Africa, it was 

mistaken for a Shigella outbreak and it was only 

molecular tests performed abroad that revealed that 

EHEC was the culprit.  In 1997, a bloody diarrhea 

outbreak involved altogether about 300 cases—about 

a quarter of the residents of small town Ngoila in 

Cameroon.  Shigella was suspected but subsequent 

molecular analysis at the laboratories of Centre 

Pasteur in Yaoundé and the Institut Pasteur of Bangui 

showed that the outbreak was of mixed etiology and 

that Sh. dysenteriae type 1, Sh. boydii, Entamoeba 

histolytica and enterohemorrhagic E. coli were 

present in stool specimens [151].  EHEC O157 was 

identified in 12 of 22 specimens examined in detail.  

It was impossible to determine which of the etiologic 

agents contributed most to the 16.4% mortality rate 

but the high number of fatalities was almost certainly 

linked to inadequate use of rehydration therapy and 

inappropriate antimicrobial use [173].  The report had 

important implications because Ngoila does not have 

easy access to a city with international connections.  

At the time of the outbreak, it was only accessible by 

motorbike or canoe [173], effectively refuting the 

supposition that EHEC was solely a western 

pathogen. 

Even though multiple outbreaks had by that time 

been documented, a 1998 outbreak, this time due to 

O111 EHEC in Nigeria, was detected only because a 

case-control study for diarrheagenic E. coli was in 

progress. [14].  EHEC was significantly associated 

with diarrhea in that study (even with outbreak cases 

removed) and was the most common bacterial 
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pathogen recovered from bloody diarrhea specimens 

in which only one pathogen was identified [14].  

Phenotypic tests commonly used to detect EHEC 

including sorbitol non-fermentation and agglutination 

of O157 antisera failed to identify most of the EHEC 

isolates in that study.  In almost all EHEC outbreaks, 

the causative organism has been identified outside the 

country and after the outbreak has abated.  Moreover, 

EHEC outbreaks have typically co-occurred with 

outbreaks of other diarrheal pathogens [14,167,171-

173].  These factors suggest that many more 

epidemics occur in Africa than are reported and that 

diagnostic and surveillance capacity for EHEC is 

required. 

WHO guidelines, which often reflect capabilities 

rather than necessities, highlight Shigella and 

Entamoeba histolytica sensu stricto as the 

predominant causes of dysentery in Africa.  Most 

other recommendations concur [174].  In addition to 

outbreaks, sporadic EHEC isolates have almost 

always been found when sought in Africa 

[14,21,65,89,133,143,172,175-177]. Although the 

isolation rate was low in all these instances, they 

further emphasize the importance of considering 

EHEC in the differential diagnosis of bloody 

diarrhea.  EHEC cause drastic clinical syndromes—

hemorrhagic colitis, hemolytic uremic syndrome and 

thrombocytic thrombocytopenic puerpera, but these 

diagnoses are likely missed in many parts of Africa 

because of the still persistent belief that EHEC are 

not an important cause of disease locally and the 

endemnicity of Shigella that also produce these 

syndromes [149,171]. 

EHEC outbreaks in North America and Western 

Europe have been associated with undercooked beef, 

vegetables fertilized with cattle manure, and zoonotic 

or person-to-person transmission.  Bovines have 

emerged as an important reservoir for EHEC in 

Africa as well [168,178].   In the Central African 

Republic, Germani et al. [172] associated EHEC 

infection with eating Kanda, a snack consisting of 

meat from a small bovine referred to as Zebu and 

marrow steamed in banana leaves. Steamed Kanda is 

sold days after preparation at roadsides, at ambient 

temperatures [172].  Recovery rates from Zebu 

animals were in the range of 28% [178].  Majalija et 

al. recently demonstrated that indistinguishable 

EHEC strains could be recovered from cattle and 

infected children from semi-nomadic pastoralist 

communities in South Western Uganda [168]. 

Multiple studies have shown that EHEC, with 

Shigella and Entamoeba, is an important cause of 

bloody diarrhea in Africa even though there is little 

or no diagnostic capacity to detect these organisms 

[14,179].  As recommended treatments for these 

pathogens differ considerably, there is need to 

increase diagnostic capabilities and determine 

relative culpabilities for all three.  Many EHEC O157 

strains are unable to ferment sorbitol or to produce -

glucuronidase and are not inhibited by tellurite.  

These properties have been exploited to develop 

selective-diagnostic media for E. coli O157.  

However, these media do not produce characteristic 

patterns with all O157 strains and fail to identify non-

O157 EHEC [180,181]. Unfortunately, many recent 

studies have focused solely on EHEC belonging to 

this serotype [182,183]. A small study comparing 

diarrheagenic isolates from Kenya with strains from 

Japan observed a much broader variety of serotypes 

in the former [134].  One of the most thorough 

searches for EHEC and STEC—in bovines and 

humans—recovered strains belonging to a range of 

serotypes but none of these were O157 strains [168].  

That study demonstrates that molecular tests, or 

possibly toxin-detection tests, offer the most promise 

for detecting these pathogens in Africa. 

 

Enteroaggregative E. coli 
In 1987, Nataro et al. [184] observed that while 

EPEC adherence factor (EAF) plasmid-positive 

strains belonging to classic EPEC serogroups 

invariably showed localized adherence to HEp-2 cells 

in culture, some other diarrhea-associated E. coli 

strains showed either diffuse adherence or a stacked-

brick pattern that they termed aggregative (Figure 2).  

Localized- and aggregative- adherent E. coli were 

significantly more often isolated from children with 

diarrhea than controls.  This finding was borne out by 

subsequent epidemiology studies which observed a 

strong association of EAEC with persistent diarrhea 

in India and Brazil [184-186].  Although only defined 

in 1987, with a role in disease that remained 

equivocal over the next decade, EAEC is now known 

to be a predominant cause of diarrheal disease in 

developed as well as developing countries [20,187-

190].  EAEC were originally associated with 

persistent diarrhea but are now known to be 

associated with a wide range of diarrheal syndromes, 

ranging from watery to invasive diarrhea, which may 

be acute or persistent [191-193].  EAEC may be as 

important a cause of travellers’ diarrhea as ETEC 

[193,194].  However, strain heterogeneity and an 

insufficient understanding of this pathotype preclude 

vaccine development at present, even though a 
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vaccine would be theoretically valuable and 

marketable. 

Between 60-90% of HIV-infected patients in 

Africa without access to antiretrovirals experience 

bouts of diarrhea and EAEC strains have repeatedly 

been isolated from HIV-positive patients with 

diarrhea [17,144].  In one Central African Republic 

study, EAEC was isolated from 12.7% of 110 HIV-

positive patients with diarrhea and none of 73 

asymptomatic controls.  EAEC was also strongly 

associated with persistent and bloody diarrhea [143].  

In Senegal, EAEC were recovered from in 42 (27%) 

HIV-positive patients with diarrhea and was only 

rarely recovered in HIV-negative individuals [137].  

Bernier et al. screened 25 EAEC isolates recovered 

from HIV-positive patients in Bangui, Central 

African Republic and Dakar, Senegal, for a number 

of virulence genes [143,144,195].  Unfortunately, 

only a small subset of strains from each study were 

investigated in this detail, making it difficult to link 

any of the detected genes to epidemiology or locale.  

As shown in a Nigerian study, adults are also 

susceptible to EAEC infection, irrespective of HIV-

serostatus [14]. 

EAEC are commonly recovered from 

asymptomatic individuals.  While this partly reflects 

strain heterogeneity, it may be related to infection 

load and also arises from inter-individual variation in 

susceptibility [18,196].  Thus individuals carrying 

EAEC strains may be reservoirs for bacteria that 

could cause disease in more susceptible individuals.  

Concerns have been raised by investigators in parts 

of Africa where asymptomatic carriage was very 

common about the possibility of asymptomatic 

carriers who are food handlers passing these strains 

to travellers, as well as of adults infecting young 

children [15,197]. In the United States, asymptomatic 

carriers at day care centers were show to facilitate 

EAEC transmission to susceptibles [198]. 

Non human reservoirs for EAEC have yet to be 

identified and little is known about risk factors for 

infection.  An American study determined that EAEC 

can survive in low-pH sauces, and that eating salads, 

which often are consumed with low-pH condiments, 

has been identified as a potential risk factor in 

England [189, 199].  EAEC could potentially survive 

in low-pH fermented cereals fed to babies in many 

parts of Africa [200,201]. 

Worldwide, far too few investigators seek EAEC 

and a sensitive, specific and practical detection 

method is yet to be developed. It is becoming 

increasingly clear that while some EAEC strains are 

most certainly pathogens, others may not be, so that 

the category itself may require redefinition.  In 

addition to bacterial heterogeneity, there are host 

variations in susceptibility to EAEC infection, at least 

some of which are heritable, making the definition of 

EAEC and the identification of risk factors difficult. 

EAEC strains are emerging pathogens in the 

sense that humans have only recently become 

cognizant of them.  For different reasons than EPEC, 

but with similar shortfalls, it becomes impossible to 

describe the early epidemiology of EAEC in Africa 

or to infer the impact that recent antidiarrheal 

interventions have had on EAEC epidemiology.  All 

studies that have sought EAEC in Africa have found 

it to be one of the most common diarrheagenic 

categories, and most have highlighted the EAEC 

strains’ associations with disease 

[14,15,18,20,55,66,134,136,143,197,202].  Far more 

studies have not sought EAEC and in those that have, 

methodology has varied widely.  The gold standard 

diagnostic test is the HEp-2 adherence assay, in 

which EAEC strains form a characteristic ―stacked 

brick‖ or ―honeycomb" pattern as shown in Figure 

2b.  In order to perform the test, laboratories require 

facilities for tissue, as well as bacterial, culture.  A 

skilled technician is needed to set up assays, and to 

prepare and read slides in what is a very cumbersome 

protocol.  A DNA probe, CVD432, was developed as 

a diagnostic tool and is highly specific for EAEC 

strains carrying the somewhat variable aggregative 

adherence (pAA) virulence plasmid [203].  While the 

CVD432 probe has made it possible for more 

investigators to seek EAEC, it is insufficiently 

sensitive.  Sensitivity in a range of studies has varied 

from below 20% to 89%, as compared to the gold 

standard HEp-2 adherence assay.  The particularly 

low sensitivity in African studies is a reflection of the 

absence of strains from Africa in early studies 

evaluating the probe [203] (Table 2).   There is, 

therefore, a need to make future diagnostic test 

evaluations more geographically inclusive and to 

seek adjuncts or alternatives to the CVD432 probe. 

The requirement for tissue culture facilities and 

expertise does not permit many African laboratories 

to use the gold standard test for identifying EAEC.  It 

was initially hoped that dispersin, an antiaggregative 

protein (Aap) secreted by many EAEC strains, could 

serve as a diagnostic target [204].  However, a recent 

report demonstrates that, like many other EAEC 

factors, Aap is produced by non-EAEC strains [205]. 
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Considerable effort has gone into increasing the 

sensitivity of DNA-based diagnostics for EAEC or 

devising alternate tests.  Increasing the number of 

genetic loci sought can increase sensitivity of DNA-

based methods for EAEC although most of the 

commonly sought targets are also plasmid-borne 

[18,55,206,207].  One phenotype initially anecdotally 

associated with EAEC in early studies is 

autoaggregation [184].  Subsequent research has 

identified at least four varieties of type IV pili, as 

well as non-structural adhesins that can account for 

this phenotype and it is likely that other autoadhesins 

exist.  Albert et al. devised and evaluated an 

autoaggregation or clump-forming test for EAEC  

[208].   The original assessment used very few 

strains.  In spite of efforts by Iwanaga et al. [209], 

who attached considerable finesse to interpretation,  

the clump test (although more sensitive than the 

CVD432 probe) is too non-specific for clinical 

diagnosis [210].  A quantitative biofilm test has also 

been proposed and has been evaluated in Tanzania 

[211,212] and may be a useful preliminary screen for 

EAEC; however, more definitive tests that can be 

performed in African laboratories are needed. 

Many putative EAEC virulence factors are 

located on a partially conserved plasmid, pAA, which 

is marked by the CVD432 locus 

[191,192,213,214].Although pAA genes have been 

the focus of much study, they are only partially 

correlated with EAEC virulence or virulence-

associated phenotypes [135,215,216].  Recent 

research is beginning to uncover chromosomal loci 

with promise as epidemiological and virulence 

markers [217-221]. 

 

 

The enteroaggregative heat stable toxin (EAST-

1), encoded by the phage-borne astA gene, is present 

in pathogens other than EAEC and there have been 

varying results in studies that assessed its role in 

disease.  In a Central African Republic study, 

although several  EAEC virulence genes were 

detected, only astA was detected significantly more 

commonly in strains from patients with diarrhea than 

from controls (P < 0.0001)[68].  In Gabon, both astA 

and pet, encoding the EAEC plasmid-encoded toxin, 

were associated with disease [136]. However, a study 

performed in Nigeria, which screened for these genes 

and two other toxin-encoding loci—the Pic 

mucinase/ Shigella enterotoxin 1 genes (encoded in 

overlapping open-reading frames) and alpha-

hemolysin—saw no association of any of them with 

pediatric diarrhea [135].  In that study, with the 

exception of aggregative adherence fimbriae II 

(AAF/II), no single factor was associated with 

disease, but strains bearing multiple virulence genes 

were more likely to be recovered from children with 

diarrhea, suggesting that EAEC virulence factors may 

work in concert or that the accumulation of multiple 

virulence factors may increase EAEC virulence 

[135]. 

The question as to whether there are EAEC 

lineages that are more virulent pathogens remains to 

be systematically addressed.  There are important 

clues from two African studies of multiresistant 

EAEC strains.  Sang et al. found that O44:H18 

isolates were common in Kenya [222] and they have 

been reported as being significant globally.  One 

O44:H18 strain, 042, has produced diarrhea in the 

greatest number of human volunteers.  Recent 

Study 

location 

CVD432 target 

detected by: 

Patients 

with 

diarrhea 

Association of 

aggregative 

adherent 

EAEC with 

diarrhea 

Association of 

probe-positive 

EAEC with 

diarrhea 

Sensitivity of 

CVD432 

detection 

(versus Gold 

Standard HEp-2 

adherence assay 

Ref. 

South West 

Nigeria 

DNA 

hybridization 

Children p<0.04 NS 34/113 [63] 

South West 

Nigeria 

DNA 

hybridization 

Adults p=0.011 NS 14/24 [13] 

Lambaréné, 

Gabon 

PCR and DNA 

hybridization  

Children N/A N/A 19/57 [130] 

Central 

African 

Republic 

PCR Adults NS NS 0/14 [136] 

Lwiro, Congo DNA 

hybridization 

Children p<0.03 NS 44/79  [192] 

Table 2.  Low sensitivity of the CVD 432 probe in Afican studies compared with the gold standard HEp-2 adherence assay. 
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completion of the 042 genome offers the potential for 

comparative studies with other EAEC.  As with 

EPEC, serotyping is helpful in roughly delineating 

EAEC lineages but multilocus sequence typing [126] 

shows more promise. Wallace-Gadsden et al. [223] 

identified one MLST sequence type complex, ST394, 

as an expanded clonal group in Nigeria.  

Interestingly, ST394 strains are closely related to 

042, as well as to ST69, a globally disseminated 

antimicrobial resistant uropathogenic clonal group.  

Both brief reports suggest that there are hypervirulent 

EAEC lineages, which could be identified by MLST 

or other phylogenetic methods.  These lineages are 

also multiply resistant.  Antimicrobial resistance is a 

critical issue with EAEC strains, which appear to be 

more likely to harbor resistance genes than other E. 

coli isolated in the same area and may cause 

persistent diarrhea, for which antimicrobials are 

indicated [64,135,136,224].  Have these pathogens 

gained prominence as a result of selective pressure 

afforded by antimicrobials or because of an 

exceptional capacity to acquire mobile resistance 

elements? 

 

Diffusely-adherent E. coli 
As their title suggests, diffusely adherent E. coli 

(DAEC) show a diffuse pattern of adherence to 

epithelial cells (Figure 2c). As with EAEC, this 

definition does not identify a genetically homogenous 

group.  Two DAEC strains did not produce diarrhea 

in a human challenge study; however, since the 

category is heterogeneous, no more strains have been 

tested, and failure to produce diarrhea in adults does 

not reveal lack of virulence in more vulnerable 

individuals, this does not rule out DAEC as 

enteropathogens [225,226].  In Maputo, 

Mozambique, HEp-2 adherent DAEC were identified 

in 125 (22.8%) patients and 42 (11%) controls (P < 

0.0001) [20].  In that study, DAEC was more 

frequently detected than EPEC, ETEC, EIEC 

(identified by PCR) or EAEC (identified by HEp-2 

adherence).  However, while there is evidence from a 

few studies elsewhere associating these strains with 

disease, such an association has not been found in the 

few other African studies involving children [65] or 

HIV-positive patients [68]. 

It must be emphasized that too few investigators 

have sought DAEC at all and smaller and 

uncontrolled studies reveal that DAEC are 

widespread. They were identified in four HIV-

positive patients with diarrhea in Kenya, in a study 

where they were as common as EAEC [17] and have 

also been reported from HIV-positive and HIV-

negative patients with diarrhea in Tanzania [227].  In 

the Central African Republic, one study found DAEC 

in 8.2% of HIV-positive patients with diarrhea and 

only 1.4% of symptomless controls [143], again at a 

comparable rate with EAEC. Gassama-Sow et al. 

identified afa genes in about 190 (32%) of isolates 

recovered from HIV-positive and -negative patients, 

with and without diarrhea [137].  There was no 

association of afa-bearing strains with disease in any 

of those groups in that study.  Some of the isolates 

recovered had virulence factors associated with other 

enterovirulent groups—EPEC (4), EAEC (14), EIEC 

(9)[137]. 

Only a subset of DAEC strains have Daa 

adhesins from the Afa/Dr family.  Other diffuse 

adhesins include fimbrial and non-fimbrial adhesins 

AIDA-1, Sfa and P-pili [228], all of which are also 

found in uropathogenic E. coli (UPEC) and 

commensals. Their role in diarrheal disease, if any, is 

unclear.  In one study, afa, sfa and pap were detected 

among DAEC isolates from Bangui but none of them, 

nor DAEC as a whole, were associated with chronic 

diarrhea in HIV-positive patients [68].   Recently, 

Guignot et al. have identified an autotransporter 

toxin, Sat, in UPEC and many diarrhea-associated 

DAEC [229].  Importantly, they showed that sat was 

significantly more commonly found in DAEC from 

children with diarrhea and UPEC than in DAEC from 

healthy children [229].  sat may represent a true 

DAEC virulence marker that future epidemiological 

studies, including those in Africa, may want to 

investigate.  Several DAEC isolates obtained from 

Africa are negative for many known adhesins [143]. 

Such strains could show diffuse adherence and 

diarrheagenicity by other mechanisms.    It must be 

mentioned that some diarrheagenic E. coli belonging 

to other categories produce diffuse adherence.  This 

includes many ETEC strains bearing CFAs, as well 

as EHEC, STEC and atypical EPEC strains with 

accessory adhesins [230].  These strains are generally 

not categorized as DAEC. 

Multiple existing probes recognize only a subset 

of DAEC strains and the commonly used DAEC 

probe, daaC, cross-reacts with some (but not all) 

EAEC [210,231]. Thus the association of DAEC in 

disease observed in some studies is equivocal [227] 

and even laboratories with molecular capability have 

faced difficulties conclusively identifying DAEC.  

Recently devised methods [210] may overcome these 

problems and more work is needed to define these 

more specifically and devise means for studying their 
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epidemiology. daaD-positive DAEC were, however, 

recently associated with disease in adults in Ghana in 

a study that employed definitive methodology [15]. 

 

Other potentially diarrheagenic E. coli categories 

Cell detaching E. coli (CDEC), otherwise termed 

diarrhea-associated hemolytic E. coli, are hemolytic 

and detach cell monolayers from in vitro culture 

surfaces.  The detaching activity is conferred by 

alpha-hemolysin and CDEC also possess 

pyelonephitis-associated pili and cytotoxic 

necrotizing factor toxin [232,233].  These virulence 

factors are found in E. coli isolates from invasive 

infections and a role in diarrheagenicity, if it exists, 

has yet to be established.  However, Somali and 

Nigerian studies have reported CDEC strains from 

children with diarrhea. These studies observed that 

these strains belong to very few serotypes, commonly 

O4(:H40) and O1:H7, and are frequently lactose-

negative [232,234-236].  They are also resistant to 

several antimicrobials by virtue of plasmid-borne 

resistance genes [232,234].  Some CDEC strains also 

bear aggregative adherence plasmids and in that 

sense are EAEC as well as CDEC, although the vast 

majority described from African locations lack 

aggregative adherence plasmids [143,232,233,237].  

The significance of these findings remains unclear, 

particularly as very little is known about CDEC in 

general and strains that fit the CDEC profile 

commonly colonize asymptomatic people [238].  In 

addition to their recovery from children with diarrhea 

in Nigeria and Somalia, CDEC was associated with 

diarrhea in Australian aborigines and have been 

reported from other areas [136,237,239].  Many 

CDEC, particularly those reported from Africa, are 

lactose negative and would be missed in studies that 

use lactose fermentation as a preliminary screen for 

diarrheagenic E. coli. 

Cytolethal distending toxins cause distension by 

inhibiting cyclomodulins (and thereby stalling the 

cell cycle). At least five different cytolethal 

distending toxins have been described in E. coli, and 

type I is phage borne [240-242].  Only two African 

studies have sought cytolethal distending toxin-

producing E. coli (CLDTEC).  Okeke et al. [65] 

identified only three CLDTEC from Nigeria and they 

showed no association with disease.  More recently, 

Mendez-Arancibia et al. found that 12.8% of 86 

EAEC strains from Tanzania were cytolethal 

distending toxin-encoding gene-positive [212].  

Epidemiological studies from elsewhere have 

detected only a low frequency of CLDTEC and an 

association of this toxin with EPEC or EHEC-linked 

serovars.  The role of this toxin in human disease 

remains to be established and rather than a distinct 

category, CLDTEC may represent other pathotypes 

that are converted by lysogenization with a cdt-

bearing lambdoid phage [242]. 

 

Diagnosis of diarrheagenic E. coli:  what is it needed 

and how can it be implemented? 

All known categories of diarrheagenic E. coli 

have been detected in Africa.  Given the unmeasured 

but significant contribution that these pathogens 

make to the burden of illness, the epidemiology of 

diarrheagenic E. coli in Africa is poorly understood, 

and very unevenly studied.  Half of published studies 

abstracted on Medline focus on E. coli from just three 

countries:  Kenya, Nigeria and South Africa.  Even 

within these countries, studies have been restricted to 

a handful of locales and at-risk populations.  Medline 

now abstracts some prominent African journals but 

for one-third of the nations in sub-Saharan Africa, 

there are no citations relevant to diarrheagenic E. 

coli.   The dearth of information is reflective of the 

lack of capacity to detect diarrheagenic E. coli for 

research or clinical purposes, even though they are 

among the most common causes of disease.  Multi-

country studies have rarely included an African site 

and when they do, diarrheagenic E. coli are often not 

included in the range of target organisms [243,244].  

In many recent epidemiology studies that have been 

performed in Africa, culture has been done at the 

point of collection while delineation of diarrheagenic 

pathotypes has occurred overseas, usually in Europe 

or North America [67,245].  While this has provided 

otherwise unobtainable data, it has served endemic 

areas less well than would have local detection and 

outbreaks are frequently detected several months or 

years after they occurred [14,65,171]. 

As a surrogate for etiologic data from residents in 

endemic areas, travellers sampled on site or, more 

commonly, upon return have been used to estimate 

the prevalence of enteric pathogens in different parts 

of Africa.  This too has provided much useful data in 

that etiologic agents of travellers’ and infantile 

diarrhea are often similar;  however, they are 

occasionally not and until any region is well-studied, 

the degree of overlap remains a subject of conjecture 

[3].  Also, many travellers do not share risk factors 

with endemic residents [96].  Most of the published 

data on diarrheagenic E. coli is from studies where 

infected people or pathogenic strains were exported.  

These studies are best viewed as pilots for more 
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informative surveys that must be executed in the near 

future. 

A recently initiated Global Enterics Multi-Center 

study (GEMS) at eight sites in developing countries 

(Centro de Investigaçao em Saude da Manhiça 

Manhiça, Mozambique; Medical Research Council, 

Basse, Gambia; CDC/Kenya Medical Research 

Institute Research Station, Kisumu, Kenya; Centre 

pour le Développement des Vaccins du Mali (CVD-

Mali), Bamako, Mali, to name those in Africa) should 

go a long way towards closing the knowledge-gap for 

diarrheagenic E. coli and other enteric pathogens 

[246].  Smaller research initiatives at non-

participating sites will hopefully provide a more 

complete picture that covers much of the variable 

pathogen terrain south of the Sahara.  Where 

possible, future studies need to use tests that are 

sensitive and specific for multiple diarrheagenic E. 

coli pathotypes, without bias towards subtypes that 

have epidemiological relevance in other parts of the 

world.  As such methods necessarily require 

molecular biology and/or tissue culture, there is need 

to increase capacity for both on the continent.  While 

there have been fewer studies using appropriate 

diagnostic methodology, and these studies have 

typically been very small, the wealth of information 

they have generated argues for more widespread use 

of appropriate diagnostic tests. 

It is unrealistic, and indeed unnecessary, for 

every diarrheal specimen in Africa to be screened for 

diarrheagenic E. coli.  Most diarrheagenic E. coli 

infections can, and do resolve spontaneously.  

Furthermore, stool culture is expensive and any 

evaluation that includes diarrheagenic E. coli costs 

much more, although the increase in diagnostic yield 

could increase the cost effectiveness of exhaustive 

investigations.  Nonetheless, the cost and time 

required to diagnose laboratory-evaluated stools often 

does not justify routine diagnosis [247].  For clinical 

purposes, it would be ideal if bloody, persistent, 

hospital-acquired or suspected outbreaks are 

investigated for diarrheagenic E. coli at sentinel sites.  

On the research side, epidemiological surveys are 

needed to inform empiric treatment guidelines and 

vaccine development.  All these functions could be 

performed at reference laboratories equipped to 

detect diarrheagenic E. coli. Considering the 

important contribution these strains make to infant 

mortality and growth and developmental mortality, 

laboratories with this capacity may be needed more 

in many parts of Africa than elsewhere. 

Bacterial isolation protocols of many studies may 

exclude important pathogens.  Screening multiple 

strains per specimen increases the chance of detecting 

pathogenic strains but many investigators are unable 

to do this because of resource limitations, in which 

case it may be beneficial to screen DNA isolated 

from stool [248-250].  Most studies seeking 

diarrheagenic E. coli alone select only lactose-

positive colonies, which underestimates some 

pathotypes, notably EIEC and CDEC [232,236].  As 

with epidemiology, the molecular pathogenesis of 

many pathogens that are more prevalent in Africa 

than elsewhere is poorly understood and African 

laboratories rarely undertake in-depth 

characterization of locally isolated pathogens.  Isolate 

archival is a challenge for many labs; transfer to other 

locations is difficult; and African scientists need to 

play a more direct role in molecular studies of 

principal local pathogens [251,252]. 

 

Clinically relevant unanswered questions about the 

biology of diarrheagenic E. coli 

Asymptomatic carriage:  Healthy carriage of 

enteric pathogens in general and diarrheagenic E. coli 

in particular is high in many African studies 

[15,65,132]. Uncontrolled studies are convenient and 

use fewer resources but their cost effectiveness must 

be questioned when carriage rates are so high.  In one 

Tanzanian study, 10% of children with diarrhea were 

infected with ETEC, but this pathogen was detected 

in as many as 5% of controls [253] and in another 

study from the same region, carriage rates were so 

high that no diarrheagenic E. coli category was 

associated with disease [132].  Carriage rates are 

often even higher for EAEC and DAEC, pointing to 

inter-strain variability and the likelihood that some 

strains are not pathogens, or at least less virulent than 

others.  High carriage rates mean that the 

epidemiology of these pathogens can best be 

understood by in-depth characterization of isolates 

from large controlled studies.  However, due to 

resource limitations, most African studies, even when 

controlled, have been very small, short, and localized.  

Larger studies are more likely to uncover sub-type 

associations with disease when these exist and to 

identify micro-outbreaks.  Furthermore, rarely 

performed population-based studies are the only way 

to link isolation rates to disease burden. 

Mixed infections:  Available evidence shows that 

mixed infections are very common in parts of Africa 

[14,65,94,254].  They include infections with 

diarrheagenic E. coli and other pathogens as well as 
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multiple categories of diarrheagenic E. coli and 

multiple strains of a single category. Interactions 

between different pathogens have not been 

commonly studied but two reports suggest that mixed 

infections that include diarrheagenic E. coli may be 

exceptionally deleterious [255,256]. 

Reservoirs and transmission:  Certain weaning 

foods and other environmental factors may confer 

protection from infection [201].  There are also host 

factors in carriage as older individuals are even more 

likely to carry pathogens asymptomatically and 

hyper-susceptibility is heritable [15,196].  

Understanding host resistance to diarrheal disease 

could assist in devising protective strategies for the 

more vulnerable.  Pathogenic bacteria are known to 

multiply in infant foods and have been recovered 

from infant feeding implements as well as from adult 

care-givers, predisposing young children to infection 

[67,257-259].  Contaminated water and person-to-

person transfer of these organisms are probably 

predominant routes for spread.  Water supplies, 

sanitation and frequency of hand-washing with soap 

could be  improved in most parts of Africa [260] and 

these interventions are proven to prevent the 

acquisition and spread of diarrheagenic E. coli and 

other pathogens [129,140,261-264]. 

Bovines, such as Zebus, have been implicated as 

reservoirs for EHEC, and contaminated water must 

make the largest contribution to diarrheal prevalence, 

but other reservoirs for diarrheagenic E. coli are not 

known.  One study has found Shigella in salads, and 

EAEC and DAEC are associated with tomato sauce, 

and starch foods prepared or served with this sauce, 

in Accra, Ghana, possibly from contaminated food 

but likely not unrelated to food service [140].  Data 

are lacking from elsewhere.  Close contact of many 

Africans with animals and evidence of zoonotic 

transmission of enteric organisms means that 

pathotypes with an animal reservoir will have a high 

chance of being communicated to humans [265]. 

Antimicrobial resistance:  Most diarrheas are 

self-limiting and the principal treatment is 

rehydration until the patient’s immune system clears 

the infection.  In some diarrheas, notably those 

caused by Shiga-toxin producing E. coli, 

antimicrobials may be contra-indicated as they 

release more toxins from lysed or SOS-induced 

bacteria.  Conversely, antimicrobials reduce shedding 

of Vibrio cholerae and Sh. dystenteriae thereby 

helping to contain epidemics.  When pathogens are 

invasive, antimicrobials may be essential to clear 

them and prevent long-term sequelae, and for 

persistent infections, antimicrobial agents may be the 

only recourse.  Diarrheagenic E. coli span the 

spectrum of these examples.  EAEC and EPEC are 

commonly associated with persistent diarrhea, EIEC 

and Shigella cause invasive dysentery, while EHEC 

and STEC produce Shiga toxins.  Scant knowledge of 

the role of more recently described diarrheagenic E. 

coli pathotypes means that, in the cases where 

antimicrobials are required, treatment protocols may 

not be optimal.  For example, bloody diarrhea is 

presumed to be due to Shigella or Entamoeba 

infection in most parts of Africa and is therefore 

treated with antimicrobials, which are contra-

indicated in Shiga-toxin-producing E. coli. 

In the majority of diarrheas for which 

antimicrobials are not indicated, they are often 

prescribed because of the difficulty in distinguishing 

self-resolving infections from drug-indicated ones.  

Prescribers and self-medicators would use 

antimicrobials less in this way if there was a way to 

determine which infections might be life-threatening.  

The present situation typified by inexpensive drugs 

and costly, difficult-to-access diagnostic tests make it 

unlikely that antimicrobial misuse can be reasonably 

curtailed in many places [27,266].  Even when 

antimicrobials are indicated, more expensive 

antimicrobials may be needlessly prescribed because 

susceptibility testing, or local surveillance data, is 

unavailable [267]. 

When antimicrobials are required, more recent 

studies have shown that common E. coli pathotypes 

such as EPEC, ETEC, Shigella, EIEC, and EAEC are 

resistant to almost all drugs available and affordable 

to patients in this part of the world so that optimal 

treatments do not exist [134,268].  Results from a 

Tanzanian study showed that 25-90% of ETEC, 

EAEC and EPEC isolates were resistant to 

ampicillin, trimethoprim-sulphamethoxazole, 

tetracycline and chloramphenicol [64].  Resistance to 

the quinolones, although then uncommon, was 

detected. Over 80% of pathogens belonging to all 

three classes were resistant to ampicillin and 

trimethoprim-sulphamethoxazole, which represent 

the only options for treatment of pediatric persistent 

or invasive diarrheas in many areas [64].   

Comparable results have been seen in bacterial 

isolates from other studies including HIV-positive 

patients with diarrhea in Senegal and from EAEC 

from Nigerian children  where strains from children 

with diarrhea were more likely to show resistance to 

commonly used agents than strains from healthy 

children [56,135,136,144]. 
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It is important to read these findings in context.  

Resistance rates in many African countries, although 

very high, have been lower than in other parts of the 

developing world.  In one comparative study of 

travellers’ diarrhea bacterial isolates, strains from 

Mombasa, Kenya, were significantly less likely to be 

resistant to three or more agents than isolates from 

Goa, India, and Montego Bay Jamaica [96].  

However, resistance in the Mombasa isolates was, at 

30%, high enough to warrant concern.  In particular, 

resistance rates to trimethoprim, sulphonamides, 

tetracyclines, gentamicin and streptomycin were 

comparable or greater in Mombasa than isolates from 

other areas. 

Case fatality rates in outbreaks caused by 

antimicrobial resistant Shigella and other diarrheal 

pathogens have been raised by resistance and, in 

these situations, susceptibility testing performed early 

in the epidemic could reduce mortality [173,269].  

Due to resistance, quinolones have replaced 

doxycycline and trimethoprim-sulphamethoxazole as 

drugs of choice for travellers diarrhea, but quinolone 

resistance has since emerged and is increasing.  The 

only promising alternative is rifaximin, a recently 

licensed, non-absorbable antimicrobial that can be 

used to treat infections by non-invasive E. coli 

pathotypes [85,119,270-273]. Availability and costs 

mean that rifamixin is presently limited to adjusting 

recommendations for travellers from affluent 

countries to compensate for the emergence of 

resistance, a niche occupied until now by 

ciprofloxacin.  Travellers with access to next-

generation antimicrobials bring with them selective 

pressure for Africa’s reserve medicines and drugs of 

the future. 

Over the last 20 years antimicrobial resistance 

has been reported for all classes of diarrheagenic E. 

coli and specifically from African isolates [64,274].  

African countries must prioritize resistance 

containment if the effectiveness of affordable drugs is 

to be maintained.  Non-antibiotic strategies for 

diarrhea disease management would conserve 

antimicrobials for those cases where there are no 

alternatives and would reduce the overall selective 

pressure from these drugs.  Nutritional 

supplementation, in particular Zinc, has been 

proposed as a means for promoting small-bowel 

repair after infection, leading to shorter episodes of 

persistent diarrhea and resistance to reinfection [275].  

Some of these strategies could reduce the burden of 

disease from diarrheagenic E. coli.  Preventing 

diarrheal episodes in the first place must be a primary 

goal. 

 
Acknowledgements 

This review was researched and written while I was 

supported by a Branco Weiss Fellowship from the Society in 

Science.  Research on diarrheagenic E. coli in my laboratory has 

most recently been supported by a National Science Foundation 

RUI award MCB 0516591 and UK Foodstandards Agency grant 

B14003.  I thank Japheth Opintan, Laura VanArendonk and 

Oladiipo Aboderin for helpful discussions as well as Samhita 

Bhargava, Rebeccah Lijek and Jennifer Eardley, who took the 

photomicrographs displayed in Figures 1 and 2. 

 
References 
1.  Bryce J, Boschi-Pinto C, Shibuya K, Black RE (2005) WHO 

estimates of the causes of death in children. Lancet 365: 

1147-1152. 

2.  Dolby JM, Honour P, Rowland MG (1980) Bacteriostasis of 

Escherichia coli by milk. V. The bacteriostatic properties of 

milk of West African mothers in the Gambia: in-vitro 

studies. J Hyg (Lond) 85: 347-358. 

3.  Guerrant RL, Oria R, Bushen OY, Patrick PD, Houpt E, et 

al. (2005) Global impact of diarrheal diseases that are 

sampled by travellers: the rest of the hippopotamus. Clin 

Infect Dis 41 Suppl 8: S524-530. 

4.  UNICEF, WHO (2009) Diarrhoea:  Why children are still 

dying and what can be done. UNICEF and WHO. 60p. 

5.  Black RE (1991) Would control of childhood infectious 

diseases reduce malnutrition? Acta Paediatr Scand Suppl 

374: 133-140. 

6.  Lorntz B, Soares AM, Moore SR, Pinkerton R, Gansneder 

B, et al. (2006) Early childhood diarrhea predicts impaired 

school performance. Pediatr Infect Dis J 25: 513-520. 

7.  Petri WA, Jr., Miller M, Binder HJ, Levine MM, 

Dillingham R, et al. (2008) Enteric infections, diarrhea, and 

their impact on function and development. J Clin Invest 118: 

1277-1290. 

8.  Steiner TS, Lima AA, Nataro JP, Guerrant RL (1998) 

Enteroaggregative Escherichia coli produce intestinal 

inflammation and growth impairment and cause interleukin-

8 release from intestinal epithelial cells. J Infect Dis 177: 

88-96. 

9.  Mondal D, Haque R, Sack RB, Kirkpatrick BD, Petri WA, 

Jr. (2009) Attribution of malnutrition to cause-specific 

diarrheal illness: evidence from a prospective study of 

preschool children in Mirpur, Dhaka, Bangladesh. Am J 

Trop Med Hyg 80: 824-826. 

10.  Black RE (1986) Pathogens that cause travellers' diarrhea in 

Latin America and Africa. Rev Infect Dis 8: S131-S1355. 

11.  Riddle MS, Sanders JW, Putnam SD, Tribble DR (2006) 

Incidence, etiology, and impact of diarrhea among long-term 

travellers (US military and similar populations): a 

systematic review. Am J Trop Med Hyg 74: 891-900. 

12.  Schultsz C, van den Ende J, Cobelens F, Vervoort T, van 

Gompel A, et al. (2000) Diarrheagenic Escherichia coli and 

acute and persistent diarrhea in returned travellers. J Clin 

Microbiol 38: 3550-3554. 

13.  Hansen DP, Kaminsky RG, Bagg LR, Kapikian AZ, Slack 

RC, et al. (1978) New and old agents in diarrhea: a 

prospective study of an indigenous adult African population. 

Am J Trop Med Hyg 27: 609-615. 



Okeke - Diarrheagenic E. coli in Africa        J Infect Dev Ctries 2009; 3(11):817-842. 
 

834 
 

14.  Okeke IN, Ojo O, Lamikanra A, Kaper JB (2003) Etiology 

of acute diarrhea in adults in southwestern Nigeria. J Clin 

Microbiol 41: 4525-4530. 

15. Opintan JA, Bishar RA, Newman MJ, Okeke IN (2009) 

Carriage of Diarrhoeagenic Escherichia coli by older 

children and adults in Accra, Ghana. Trans R Soc Trop Med 

Hyg. In press. 

16.  Pavia AT, Long EG, Ryder RW, Nsa W, Puhr ND, et al. 

(1992) Diarrhea among African children born to human 

immunodeficiency virus 1-infected mothers: clinical, 

microbiologic and epidemiologic features. Pediatr Infect Dis 

J 11: 996-1003. 

17. Mwachari C, Batchelor BI, Paul J, Waiyaki PG, Gilks CF 

(1998) Chronic diarrhoea among HIV-infected adult patients 

in Nairobi, Kenya. J Infect 37: 48-53. 

18.  Samie A, Obi CL, Dillingham R, Pinkerton RC, Guerrant 

RL (2007) Enteroaggregative Escherichia coli in Venda, 

South Africa: distribution of virulence-related genes by 

multiplex polymerase chain reaction in stool samples of 

human immunodeficiency virus (HIV)-positive and HIV-

negative individuals and primary school children. Am J 

Trop Med Hyg 77: 142-150. 

19. Brooks JT, Ochieng JB, Kumar L, Okoth G, Shapiro RL, et 

al. (2006) Surveillance for bacterial diarrhea and 

antimicrobial resistance in rural western Kenya, 1997-2003. 

Clin Infect Dis 43: 393-401. 

20.  Rappelli P, Folgosa E, Solinas ML, Dacosta JL, Pisanu C, 

et al. (2005) Pathogenic enteric Escherichia coli in children 

with and without diarrhea in Maputo, Mozambique. FEMS 

Immunol Med Microbiol 43: 67-72. 

21.  Vargas M, Gascon J, Casals C, Schellenberg D, Urassa H, et 

al. (2004) Etiology of diarrhea in children less than five 

years of age in Ifakara, Tanzania. Am J Trop Med Hyg 70: 

536-539. 

22. Nzeako B, Okafor N (2002) Bacterial enteropathogens and 

factors associated with seasonal episodes of gastroenteritis 

in Nsukka, Nigeria. Br J Biomed Sci 59: 76-79. 

23.  Bray J (1945) Isolation of antigenically homogeneous 

strains of Bact. coli neapolitanum from summer diarrhoea of 

infants. J Pathol Bacteriol 57: 239-247. 

24. Neter E, Westphal O, Luderitz O, Needell M (1955) 

Demonstration of antibodies against enteropathogenic 

Escherichia coli in sera of children of various ages. 

Pediatrics 16: 801-808. 

25. Levine MM, Bergquist EJ, Nalin DR, Waterman DH, 

Hornick RB, et al. (1978) Escherichia coli strains that cause 

diarrhoea but do not produce heat- labile or heat-stable 

enterotoxins and are non-invasive. Lancet 1: 1119-1122. 

26. Nataro JP, Kaper JB (1998) Diarrheagenic Escherichia coli. 

Clin Microbiol Rev 11: 142-201. 

27. Okeke IN (2006) Diagnostic insufficiency in Africa. Clin 

Infect Dis 42: 1501-1503. 

28. Lacher DW, Steinsland H, Blank TE, Donnenberg MS, 

Whittam TS (2007) Molecular evolution of typical 

enteropathogenic Escherichia coli: Clonal analysis by 

multilocus sequence typing and virulence gene allelic 

profiling. J Bacteriol 189: 342-350. 

29. Reid S, Herbelin C, Bumbaugh A, Selander R, Whittam T 

(2000) Parallel evolution of virulence in pathogenic 

Escherichia coli. Nature 406: 64-67. 

30. Cravioto A, Gross R, Scotland S, Rowe B (1979) An 

adhesive factor found in strains of Escherichia coli 

belonging to the traditional enteropathogenic serotypes. 

Current Microbiology 3: 95-99. 

31. Tzipori S, Gibson R, Montanaro J (1989) Nature and 

distribution of mucosal lesions associated with 

enteropathogenic and enterohemorrhagic Escherichia coli in 

piglets and the role of plasmid-mediated factors. Infect 

Immun 57: 1142-1150. 

32.  Campellone KG, Leong JM (2003) Tails of two Tirs: actin 

pedestal formation by enteropathogenic E. coli and 

enterohemorrhagic E. coli O157:H7. Curr Opin Microbiol 6: 

82-90. 

33. Dean P, Kenny B (2009) The effector repertoire of 

enteropathogenic E. coli: ganging up on the host cell. Curr 

Opin Microbiol 12: 101-109. 

34. Mellies JL, Navarro-Garcia F, Okeke I, Frederickson J, 

Nataro JP, et al. (2001) espC pathogenicity island of 

enteropathogenic Escherichia coli encodes an enterotoxin. 

Infect Immun 69: 315-324. 

35. Salinger N, Kokona B, Fairman R, Okeke IN (2009) The 

plasmid-encoded regulator activates factors conferring 

lysozyme resistance on enteropathogenic Escherichia coli 

strains. Appl Environ Microbiol 75: 275-280. 

36. Freiman I, Hartman E, Kassel H, Robins-Browne RM, 

Schoub BD, et al. (1977) A microbiological study of gastro-

enteritis in Black infants. S Afr Med J 52: 261-265. 

37. Robins-Browne RM, Still CS, Miliotis MD, Richardson NJ, 

Koornhof HJ, et al. (1980) Summer diarrhoea in African 

infants and children. Arch Dis Child 55: 923-928. 

38. Robins-Browne RM (1984) Seasonal and racial incidence of 

infantile gastroenteritis in South Africa. Am J Epidemiol 

119: 350-355. 

39. Agbonlahor DE, Odugbemi TO (1982) Enteropathogenic, 

enterotoxigenic and enteroinvasive Escherichia coli isolated 

from acute gastroenteritis patients in Lagos, Nigeria. Trans 

R Soc Trop Med Hyg 76: 265-267. 

40. Georges MC, Wachsmuth IK, Meunier DM, Nebout N, 

Didier F, et al. (1984) Parasitic, bacterial, and viral enteric 

pathogens associated with diarrhea in the Central African 

Republic. J Clin Microbiol 19: 571-575. 

41.  Shukry S, Zaki AM, DuPont HL, Shoukry I, El Tagi M, et 

al. (1986) Detection of enteropathogens in fatal and 

potentially fatal diarrhea in Cairo, Egypt. J Clin Microbiol 

24: 959-962. 

42.  Asirifi Y (1966) Patterns of disease as seen in hospital. 

Ghana Medical Journal 5: 137-143. 

43.  Voros S, Asamaoh-Adu A, Manbell E, Bentsi C (1978) A 

review of enteropathogenic Escherichia coli serogroups 

identified from faecal specimens of children in Accra. 

Ghana Med J 17: 98-104. 

44. Agbodaze D, Abrahams CA, Arai S (1988) Enteropathogenic 

and enterotoxigenic Escherichia coli as aetiological factors 

of infantile diarrhoea in rural and urban Ghana. Trans R Soc 

Trop Med Hyg 82: 489-491. 

45. Thoren A (1980) Antibiotic sensitivity of enteropathogenic 

Escherichia coli to mecillinam, trimethoprim-

sulfamethoxazole and other antibiotics. Acta Pathol 

Microbiol Scand [B] 88: 265-268. 

46. Mutanda LN, Masudi AM, Kangethe SK, Patel A (1987) 

Emergence of gentamicin-resistant E. coli 0111:K58 in a 

nursery ward at Kenyatta National Hospital. East Afr Med J 

64: 241-247. 

47. Senerwa D, Olsvik O, Mutanda LN, Lindqvist KJ, Gathuma 

JM, et al. (1989) Enteropathogenic Escherichia coli serotype 

O111:HNT isolated from preterm neonates in Nairobi, 

Kenya. J Clin Microbiol 27: 1307-1311. 



Okeke - Diarrheagenic E. coli in Africa        J Infect Dev Ctries 2009; 3(11):817-842. 
 

835 
 

48.  Zilberg B (1976) A clinical and epidemiological study of 

gastro-enteritis. S Afr Med J 50: 2038-2040. 

49.  Tobe T, Tatsuno I, Katayama E, Wu C, Schoolnik G, et al. 

(1999) A novel chromosomal locus of enteropathogenic 

Escherichia coli (EPEC), which encodes a bfpT-regulated 

chaperone-like protein, TrcA, involved in microcolony 

formation by EPEC. Mol Microbiol 33: 741-752. 

50.  Zhou X, Giron JA, Torres AG, Crawford JA, Negrete E, et 

al. (2003) Flagellin of enteropathogenic Escherichia coli 

stimulates interleukin-8 production in T84 cells. Infect 

Immun 71: 2120-2129. 

51.  Nwaneshiudu AI, Mucci T, Pickard DJ, Okeke IN (2007) A 

second large plasmid encodes conjugative transfer and 

antimicrobial resistance in O119:H2 and some typical O111 

enteropathogenic Escherichia coli strains. J Bacteriol 189: 

6074-6079. 

52.  de Mol P, Brasseur D, Hemelhof W, Kalala T, Butzler JP, et 

al. (1983) Enteropathogenic agents in children with 

diarrhoea in rural Zaire. Lancet 1: 516-518. 

53.  Simango C, Dindiwe J (1987) The aetiology of diarrhoea in 

a farming community in Zimbabwe. Trans R Soc Trop Med 

Hyg 81: 552-553. 

54.  Georges MC, Roure C, Tauxe RV, Meunier DM, Merlin M, 

et al. (1987) Diarrheal morbidity and mortality in children in 

the Central African Republic. Am J Trop Med Hyg 36: 598-

602. 

55.  Moyo SJ, Maselle SY, Matee MI, Langeland N, 

Mylvaganam H (2007) Identification of diarrheagenic 

Escherichia coli isolated from infants and children in Dar es 

Salaam, Tanzania. BMC Infect Dis 7: 92. 

56.  Mandomando IM, Macete EV, Ruiz J, Sanz S, Abacassamo 

F, et al. (2007) Etiology of diarrhea in children younger than 

5 years of age admitted in a rural hospital of southern 

Mozambique. Am J Trop Med Hyg 76: 522-527. 

57.  UNICEF (1992) Take the baby friendly initiative! New 

York: United Nations Children's Fund. 

58. Gendrel D, Akaga R, Ivanoff B, Okouoyo E, Nguemby-

Mbina C (1984) [Acute gastroenteritis and breast feeding in 

Gabon. Preliminary results]. Med Trop (Mars) 44: 323-325. 

59.  Cravioto A, Tello A, Villafán H, Ruiz J, del Vedovo S, et 

al. (1991) Inhibition of localized adhesion of 

enteropathogenic Escherichia coli to HEp-2 cells by 

immunoglobulin and oligosaccharide fractions of human 

colostrum and breast milk. J Infect Dis 163: 1247-1255. 

60.  Girón JA, Ho AS, Schoolnik GK (1991) An inducible 

bundle-forming pilus of enteropathogenic Escherichia coli. 

Science 254: 710-713. 

61.  McDaniel TK, Jarvis KG, Donnenberg MS, Kaper JB 

(1995) A genetic locus of enterocyte effacement conserved 

among diverse enterobacterial pathogens. Proc Natl Acad 

Sci U S A 92: 1664-1668. 

62.  Mikhail IA, Fox E, Haberberger RL, Jr., Ahmed MH, 

Abbatte EA (1990) Epidemiology of bacterial pathogens 

associated with infectious diarrhea in Djibouti. J Clin 

Microbiol 28: 956-961. 

63. Obi CL, Coker AO, Epoke J, Ndip RN (1997) Enteric 

bacterial pathogens in stools of residents of urban and rural 

regions in Nigeria: a comparison of patients with and 

without diarrhoea and controls without diarrhoea. J 

Diarrhoeal Dis Res 15: 241-247. 

64. Vila J, Vargas M, Casals C, Urassa H, Mshinda H, et al. 

(1999) Antimicrobial resistance of diarrheagenic 

Escherichia coli isolated from children under the age of 5 

years from Ifakara, Tanzania. Antimicrob Agents 

Chemother 43: 3022-3024. 

65. Okeke IN, Lamikanra A, Steinruck H, Kaper JB (2000) 

Characterization of Escherichia coli strains from cases of 

childhood diarrhea in provincial southwestern Nigeria. J 

Clin Microbiol 38: 7-12. 

66.  Geyid A, Olsvik O, Ljungh A (1998) Virulence properties of 

Escherichia coli isolated from Ethiopian patients with acute 

or persistent diarrhoea. Ethiop Med J 36: 123-139. 

67.  Creek TL, Kim A, Lu L, Bowen A, Masunge J, et al. (2009) 

Hospitalization and mortality among primarily non-

breastfed children during a large outbreak of diarrhea and 

malnutrition in Botswana, 2006. J Acquir Immune Defic 

Syndr. 

68. Mossoro C, Glaziou P, Yassibanda S, Lan NT, Bekondi C, et 

al. (2002) Chronic diarrhea, hemorrhagic colitis, and 

hemolytic-uremic syndrome associated with HEp-2 adherent 

Escherichia coli in adults infected with human 

immunodeficiency virus in Bangui, Central African 

Republic. J Clin Microbiol 40: 3086-3088. 

69.  Bortolini M, Trabulsi L, Keller R, Frankel G, Sperandio V 

(1999) Lack of expression of bundle-forming pili in some 

clinical isolates of enteropathogenic Escherichia coli 

(EPEC) is due to a conserved large deletion in the bfp 

operon. FEMS Microbiol Lett 179: 169-174. 

70.  Okeke IN, Borneman JA, Shin S, Mellies JL, Quinn LE, et 

al. (2001) Comparative sequence analysis of the plasmid-

encoded regulator of enteropathogenic Escherichia coli 

strains. Infect Immun 69: 5553-5564. 

71. Whittam T, McGraw E (1995) Clonal analysis of EPEC 

serogroups. Rev Microbiol 27: 7-16. 

72.  Tennant S, Tauschek M, Azzopardi K, Bigham A, Bennett-

Wood V, et al. (2009) Characterisation of atypical 

enteropathogenic E. coli strains of clinical origin. BMC 

Microbiol 9: 117. 

73. Nguyen RN, Taylor LS, Tauschek M, Robins-Browne RM 

(2006) Atypical enteropathogenic Escherichia coli infection 

and prolonged diarrhea in children. Emerg Infect Dis 12: 

597-603. 

74.  Asrat D (2001) Screening for enteropathogenic Escherichia 

coli (EPEC) in paediatric patients with diarrhoea and 

controls using pooled antisera. Ethiop Med J 39: 23-28. 

75.  Addy PA, Antepim G, Frimpong EH (2004) Prevalence of 

pathogenic Escherichia coli and parasites in infants with 

diarrhoea in Kumasi, Ghana. East Afr Med J 81: 353-357. 

76.  De SN, Bhattacharya K, Sarkar JK (1956) A study of the 

pathogenicity of strains of Bacterium coli from acute and 

chronic enteritis. J Pathol Bacteriol 71: 201-209. 

77. Sack RB (1975) Human diarrheal disease caused by 

enterotoxigenic Escherichia coli. Annu Rev Microbiol 29: 

333-353. 

78. Sack DA, Kaminsky DC, Sack RB, Itotia JN, Arthur RR, et 

al. (1978) Prophylactic doxycycline for travellers' diarrhea. 

Results of a prospective double-blind study of Peace Corps 

volunteers in Kenya. N Engl J Med 298: 758-763. 

79.  Sack DA, Kaminsky DC, Sack RB, Wamola IA, Orskov F, 

et al. (1977) Enterotoxigenic Escherichia coli diarrhea of 

travellers: a prospective study of American Peace Corps 

volunteers. Johns Hopkins Med J 141: 63-70. 

80. Stintzing G, Mollby R, Habte D (1982) Enterotoxigenic 

Escherichia coli and other enteropathogens in paediatric 

diarrhoea in Addis Ababa. Acta Paediatr Scand 71: 279-286. 

81. Yala F, Ngoyou S, Itoua Ngaporo A, Mayanda H, Nzingoula 

S (1985) [Escherichia coli diarrhea of children and adults at 



Okeke - Diarrheagenic E. coli in Africa        J Infect Dev Ctries 2009; 3(11):817-842. 
 

836 
 

the Brazzaville General Hospital]. Bull Soc Pathol Exot 

Filiales 78: 921-929. 

82. Georges MC, Wachsmuth IK, Birkness KA, Moseley SL, 

Georges AJ (1983) Genetic probes for enterotoxigenic 

Escherichia coli isolated from childhood diarrhea in the 

Central African Republic. J Clin Microbiol 18: 199-202. 

83.  Oprandy JJ, Thornton SA, Gardiner CH, Burr D, Batchelor 

R, et al. (1988) Alkaline phosphatase-conjugated 

oligonucleotide probes for enterotoxigenic Escherichia coli 

in travellers to South America and West Africa. J Clin 

Microbiol 26: 92-95. 

84. Black RE (1990) Epidemiology of travellers' diarrhea and 

relative importance of various pathogens. Rev Infect Dis 12 

Suppl 1: S73-79. 

85. Sharp TW, Thornton SA, Wallace MR, Defraites RF, 

Sanchez JL, et al. (1995) Diarrheal disease among military 

personnel during Operation Restore Hope, Somalia, 1992-

1993. Am J Trop Med Hyg 52: 188-193. 

86. Qadri F, Svennerholm AM, Faruque AS, Sack RB (2005) 

Enterotoxigenic Escherichia coli in developing countries: 

epidemiology, microbiology, clinical features, treatment, 

and prevention. Clin Microbiol Rev 18: 465-483. 

87.  Svennerholm AM, Steele D (2004) Microbial-gut 

interactions in health and disease. Progress in enteric 

vaccine development. Best Pract Res Clin Gastroenterol 18: 

421-445. 

88. Ako-Nai AK, Lamikanra A, Ola O, Fadero FF (1990) A study 

of the incidence of enterotoxigenic Escherichia coli (ETEC) 

secreting heat-labile toxin in two communities in south-

western Nigeria. J Trop Med Hyg 93: 116-118. 

89. Campos LC, Franzolin MR, Trabulsi LR (2004) 

Diarrheagenic Escherichia coli categories among the 

traditional enteropathogenic E. coli O serogroups--a review. 

Mem Inst Oswaldo Cruz 99: 545-552. 

90. Sullivan PB, Coles MA, Aberra G, Ljungh A (1994) 

Enteropathogenic and enteroadherent-aggregative 

Escherichia coli in children with persistent diarrhoea and 

malnutrition. Ann Trop Paediatr 14: 105-110. 

91. Waiyaki PG, Sang FC, Ngugi JM (1986) Enterotoxigenic 

Escherichia coli infection in childhood diarrhoea in 

Mombasa, Kenya. East Afr Med J 63: 29-35. 

92.  Ryder RW, Wachsmuth IK, Buxton AE, Evans DG, DuPont 

HL, et al. (1976) Infantile diarrhea produced by heat-stable 

enterotoxigenic Escherichia coli. N Engl J Med 295: 849-

853. 

93. Levine MM, Caplan ES, Waterman D, Cash RA, Hornick 

RB, et al. (1977) Diarrhea caused by Escherichia coli that 

produce only heat-stable enterotoxin. Infect Immun 17: 78-

82. 

94. Steinsland H, Valentiner-Branth P, Perch M, Dias F, Fischer 

TK, et al. (2002) Enterotoxigenic Escherichia coli infections 

and diarrhea in a cohort of young children in Guinea-Bissau. 

J Infect Dis 186: 1740-1747. 

95. Shaheen HI, Kamal KA, Wasfy MO, El-Ghorab NM, Lowe 

B, et al. (2003) Phenotypic diversity of enterotoxigenic 

Escherichia coli (ETEC) isolated from cases of travellers' 

diarrhea in Kenya. Int J Infect Dis 7: 35-38. 

96.  Jiang ZD, Lowe B, Verenkar MP, Ashley D, Steffen R, et 

al. (2002) Prevalence of enteric pathogens among 

international  with diarrhea acquired in Kenya (Mombasa), 

India (Goa), or Jamaica (Montego Bay). J Infect Dis 185: 

497-502. 

97.  Gaastra W, Svennerholm AM (1996) Colonization factors of 

human enterotoxigenic Escherichia coli (ETEC). Trends 

Microbiol 4: 444-452. 

98. Girón JA, Viboud GI, Sperandio V, Gómez-Duarte OG, 

Maneval DR, et al. (1995) Prevalence and association of the 

longus pilus structural gene (lngA) with colonization factor 

antigens, enterotoxin types, and serotypes of enterotoxigenic 

Escherichia coli. Infect Immun 63: 4195-4198. 

99. Girón JA, Levine MM, Kaper JB (1994) Longus: a long pilus 

ultrastructure produced by human enterotoxigenic 

Escherichia coli. Mol Microbiol 12: 71-82. 

100. Gutierrez-Cazarez Z, Qadri F, Albert MJ, Giron JA (2000) 

Identification of enterotoxigenic Escherichia coli harboring 

longus type IV pilus gene by DNA amplification. J Clin 

Microbiol 38: 1767-1771. 

101. Pichel MG, Binsztein N, Qadri F, Giron JA (2002) Type IV 

longus pilus of enterotoxigenic Escherichia coli: occurrence 

and association with toxin types and colonization factors 

among strains isolated in Argentina. J Clin Microbiol 40: 

694-697. 

102. Qadri F, Giron JA, Helander A, Begum YA, Asaduzzaman 

M, et al. (2000) Human antibody response to longus type IV 

pilus and study of its prevalence among enterotoxigenic 

Escherichia coli in Bangladesh by using monoclonal 

antibodies. J Infect Dis 181: 2071-2074. 

103. Nishimura LS, Giron JA, Nunes SL, Guth BE (2002) 

Prevalence of enterotoxigenic Escherichia coli strains 

harboring the longus pilus gene in Brazil. J Clin Microbiol 

40: 2606-2608. 

104. Fleckenstein JM, Hardwidge PR, Munson GP, Rasko DA, 

Sommerfelt H, et al. Molecular mechanisms of 

enterotoxigenic Escherichia coli infection. Microb Infect In 

Press. 

105. Roy K, Hamilton D, Ostmann MM, Fleckenstein JM (2009) 

Vaccination with EtpA glycoprotein or flagellin protects 

against colonization with enterotoxigenic Escherichia coli in 

a murine model. Vaccine 27: 4601-4608. 

106. Roy K, Hilliard GM, Hamilton DJ, Luo J, Ostmann MM, et 

al. (2009) Enterotoxigenic Escherichia coli EtpA mediates 

adhesion between flagella and host cells. Nature 457: 594-

598. 

107. McConnell MM, Hibberd ML, Penny ME, Scotland SM, 

Cheasty T, et al. (1991) Surveys of human enterotoxigenic 

Escherichia coli from three different geographical areas for 

possible colonization factors. Epidemiol Infect 106: 477-

484. 

108. Steinsland H, Valentiner-Branth P, Gjessing HK, Aaby P, 

Molbak K, et al. (2003) Protection from natural infections 

with enterotoxigenic Escherichia coli: longitudinal study. 

Lancet 362: 286-291. 

109. Madoroba E, Van Driessche E, De Greve H, Mast J, Ncube 

I, et al. (2009) Prevalence of enterotoxigenic Escherichia 

coli virulence genes from scouring piglets in Zimbabwe. 

Trop Anim Health Prod 41: 1539-1547. 

110. Gaastra W, de Graaf FK (1982) Host-specific fimbrial 

adhesins of noninvasive enterotoxigenic Escherichia coli 

strains. Microbiol Rev 46: 129-161. 

111. Cherifi A, Contrepois M, Picard B, Goullet P, Orskov I, et 

al. (1994) Clonal relationships among Escherichia coli 

serogroup O78 isolates from human and animal infections. J 

Clin Microbiol 32: 1197-1202. 

112. Levine MM, Rennels MB, Cisneros L, Hughes TP, Nalin 

DR, et al. (1980) Lack of person-to-person transmission of 



Okeke - Diarrheagenic E. coli in Africa        J Infect Dev Ctries 2009; 3(11):817-842. 
 

837 
 

enterotoxigenic Escherichia coli despite close contact. Am J 

Epidemiol 111: 347-355. 

113. Simiyu KW, Gathura PB, Kyule MN, Kanja LW, Ombui JN 

(1998) Toxin production and antimicrobial resistance of 

Escherichia coli river water isolates. East Afr Med J 75: 

699-702. 

114. Gyles CL, Palchaudhuri S, Maas WK (1977) Naturally 

occurring plasmid carrying genes for enterotoxin production 

and drug resistance. Science 198: 198-199. 

115. Scotland SM, Gross RJ, Cheasty T, Rowe B (1979) The 

occurrence of plasmids carrying genes for both enterotoxin 

production and drug resistance in Escherichia coli of human 

origin. J Hyg (Lond) 83: 531-538. 

116. Wachsmuth K, DeBoy J, Birkness K, Sack D, Wells J 

(1983) Genetic transfer of antimicrobial resistance and 

enterotoxigenicity among Escherichia coli strains. 

Antimicrob Agents Chemother 23: 278-283. 

117. Lamikanra A, Ako-Nai AK, Ola JB (1990) Transmissible 

trimethoprim resistance in strains of Escherichia coli 

isolated from cases of infantile diarrhoea. J Med Microbiol 

32: 159-162. 

118. Vila J, Vargas M, Ruiz J, Corachan M, Jimenez De Anta 

MT, et al. (2000) Quinolone resistance in enterotoxigenic 

Escherichia coli causing diarrhea in travellers to India in 

comparison with other geographical areas. Antimicrob 

Agents Chemother 44: 1731-1733. 

119. Mendez Arancibia E, Pitart C, Ruiz J, Marco F, Gascon J, et 

al. (2009) Evolution of antimicrobial resistance in 

enteroaggregative Escherichia coli and enterotoxigenic 

Escherichia coli causing traveller's diarrhoea. J Antimicrob 

Chemother 64: 343-347. 

120. Shears P (1996) Shigella infections. Ann Trop Med Parasitol 

90: 105-114. 

121. Niyogi SK (2005) Shigellosis. J Microbiol 43: 133-143. 

122. Kotloff KL, Winickoff JP, Ivanoff B, Clemens JD, 

Swerdlow DL, et al. (1999) Global burden of Shigella 

infections: implications for vaccine development and 

implementation of control strategies. Bull World Health 

Organ 77: 651-666. 

123. Brenner DJ, Fanning GR, Johnson KE, Citarella RV, 

Falkow S (1969) Polynucleotide Sequence Relationships 

among Members of Enterobacteriaceae. J Bacteriol 98: 637-

650. 

124. Lan R, Reeves PR (2002) Escherichia coli in disguise: 

molecular origins of Shigella. Microbes Infect 4: 1125-1132. 

125. Day WA, Jr., Fernandez RE, Maurelli AT (2001) 

Pathoadaptive mutations that enhance virulence: genetic 

organization of the cadA regions of Shigella spp. Infect 

Immun 69: 7471-7480. 

126. Wirth T, Falush D, Lan R, Colles F, Mensa P, et al. (2006) 

Sex and virulence in Escherichia coli: an evolutionary 

perspective. Mol Microbiol 60: 1136-1151. 

127. Maurelli AT, Fernandez RE, Bloch CA, Rode CK, Fasano A 

(1998) "Black holes" and bacterial pathogenicity: a large 

genomic deletion that enhances the virulence of Shigella 

spp. and enteroinvasive Escherichia coli. Proc Natl Acad Sci 

U S A 95: 3943-3948. 

128. Prunier AL, Schuch R, Fernandez RE, Mumy KL, Kohler H, 

et al. (2007) nadA and nadB of Shigella flexneri 5a are 

antivirulence loci responsible for the synthesis of 

quinolinate, a small molecule inhibitor of Shigella 

pathogenicity. Microbiol 153: 2363-2372. 

129. Brooks JT, Shapiro RL, Kumar L, Wells JG, Phillips-

Howard PA, et al. (2003) Epidemiology of sporadic bloody 

diarrhea in rural Western Kenya. Am J Trop Med Hyg 68: 

671-677. 

130. Dosunmu-Ogunbi O, Coker AO, Agbonlahor DE, Solanke 

SO, Uzoma KC (1983) Local pattern of acute enteric 

bacterial infections in man--Lagos, Nigeria. Dev Biol Stand 

53: 277-283. 

131. Ahmed A, Osman H, Mansour A, Musa H, Ahmed A, et al. 

(2000) Antimicrobial agent resistance in bacterial isolates 

from patients with diarrhea and urinary tract infection in the 

Sudan. Am J Trop Med Hyg 63: 259-263. 

132. Gascón J, Vargas M, Schellenberg D, Urassa H, Casals C, et 

al. (2000) Diarrhea in children under 5 years of age from 

Ifakara, Tanzania: a case-control study. J Clin Microbiol 38: 

4459-4462. 

133. Akinyemi KO, Oyefolu AO, Opere B, Otunba-Payne VA, 

Oworu AO (1998) Escherichia coli in patients with acute 

gastroenteritis in Lagos, Nigeria. East Afr Med J 75: 512-

515. 

134. Bii CC, Taguchi H, Ouko TT, Muita LW, Wamae N, et al. 

(2005) Detection of virulence-related genes by multiplex 

PCR in multidrug-resistant diarrhoeagenic Escherichia coli 

isolates from Kenya and Japan. Epidemiol Infect 133: 627-

633. 

135. Okeke IN, Lamikanra A, Czeczulin J, Dubovsky F, Kaper 

JB, et al. (2000) Heterogeneous virulence of 

enteroaggregative Escherichia coli strains isolated from 

children in Southwest Nigeria. J Infect Dis 181: 252-260. 

136. Presterl E, Zwick RH, Reichmann S, Aichelburg A, Winkler 

S, et al. (2003) Frequency and virulence properties of 

diarrheagenic Escherichia coli in children with diarrhea in 

Gabon. Am J Trop Med Hyg 69: 406-410. 

137. Gassama-Sow A, Sow PS, Gueye M, Gueye-N'diaye A, 

Perret JL, et al. (2004) Characterization of pathogenic 

Escherichia coli in human immunodeficiency virus-related 

diarrhea in Senegal. J Infect Dis 189: 75-78. 

138. Gundry SW, Wright JA, Conroy RM, Preez MD, Genthe B, 

et al. (2009) Child dysentery in the Limpopo Valley: a 

cohort study of water, sanitation and hygiene risk factors. J 

Water Health 7: 259-266. 

139. Muleta D, Ashenafi M (2001) Salmonella, Shigella and 

growth potential of other food-borne pathogens in Ethiopian 

street vended foods. East Afr Med J 78: 576-580. 

140. Mensah P, Yeboah-Manu D, Owusu-Darko K, Ablordey A 

(2002) Street foods in Accra, Ghana: how safe are they? 

Bull World Health Organ 80: 546-554. 

141. Tetteh GL, Sefa-Dedeh SK, Phillips RD, Beuchat LR (2004) 

Survival and growth of acid-adapted and unadapted Shigella 

flexneri in a traditional fermented Ghanaian weaning food as 

affected by fortification with cowpea. Int J Food Microbiol 

90: 189-195. 

142. Andualem B, Kassu A, Diro E, Moges F, Gedefaw M (2006) 

The prevalence and antimicrobial responses of Shigella 

isolates in HIV1 infected and uninfected adult diarrhoea 

patients in north west Ethiopia. Ethiop J Health Dev 20: 99-

105. 

143. Germani Y, Minssart P, Vohito M, Yassibanda S, Glaziou P, 

et al. (1998) Etiologies of acute, persistent, and dysenteric 

diarrheas in adults in Bangui, Central African Republic, in 

relation to human immunodeficiency virus serostatus. Am J 

Trop Med Hyg 59: 1008-1014. 

144. Gassama A, Sow PS, Fall F, Camara P, Gueye-N'diaye A, et 

al. (2001) Ordinary and opportunistic enteropathogens 

associated with diarrhea in Senegalese adults in relation to 



Okeke - Diarrheagenic E. coli in Africa        J Infect Dev Ctries 2009; 3(11):817-842. 
 

838 
 

human immunodeficiency virus serostatus. Int J Infect Dis 

5: 192-198. 

145. Pitman C, Amali R, Kanyerere H, Siyasiya A, Phiri S, et al. 

(1996) Bloody diarrhoea of adults in Malawi: clinical 

features, infectious agents, and antimicrobial sensitivities. 

Trans R Soc Trop Med Hyg 90: 284-287. 

146. Bhimma R, Coovadia HM, Adhikari M, Connolly CA 

(2001) Re-evaluating criteria for peritoneal dialysis in 

"classical" (D+) hemolytic uremic syndrome. Clin Nephrol 

55: 133-142. 

147. Oneko M, Nyathi MN, Doehring E (2001) Post-dysenteric 

hemolytic uremic syndrome in Bulawayo, Zimbabwe. 

Pediatr Nephrol 16: 1142-1145. 

148. Chopra M, Wilkinson D, Stirling S (1997) Epidemic shigella 

dysentery in children in northern KwaZulu-Natal. S Afr 

Med J 87: 48-51. 

149. Olotu AI, Mithwani S, Newton CRJC (2008) Haemolytic 

uraemic syndrome in children admitted to a rural district 

hospital in Kenya. Trop Doct 38: 165-167. 

150. Bercion R, Demartin M, Recio C, Massamba PM, Frank T, 

et al. (2006) Molecular epidemiology of multidrug-resistant 

Shigella dysenteriae type 1 causing dysentery outbreaks in 

Central African Republic, 2003-2004. Trans R Soc Trop 

Med Hyg 100: 1151-1158. 

151. Germani Y, Cunin P, Tedjouka E, Ncharre CB, Morvan J, et 

al. (1998) Enterohaemorrhagic Escherichia coli in Ngoila 

(Cameroon) during an outbreak of bloody diarrhoea. Lancet 

352: 625-626. 

152. Guerin PJ, Brasher C, Baron E, Mic D, Grimont F, et al. 

(2003) Shigella dysenteriae serotype 1 in West Africa: 

intervention strategy for an outbreak in Sierra Leone. Lancet 

362: 705-706. 

153. Midzi SM, Tshimanga M, Siziya S, Marufu T, Mabiza ET 

(2000) An outbreak of dysentery in a rural district of 

Zimbabwe: the role of personal hygiene at public gatherings. 

Cent Afr J Med 46: 150-153. 

154. Thurston H, Stuart J, McDonnell B, Nicholas S, Cheasty T 

(1998) Fresh orange juice implicated in an outbreak of 

Shigella flexneri among visitors to a South African game 

reserve. J Infect 36: 350. 

155. Iversen ER, Colding H, Petersen L, Ngetich R, Shanks GD 

(1998) Epidemic Shigella dysenteriae in Mumias, western 

Kenya. Trans R Soc Trop Med Hyg 92: 30-31. 

156. Blaser MJ, Miotto K, Hopkins JA (1992) Molecular probe 

analysis of Shigella dysenteriae type 1 isolates from 1940 to 

1987. Int J Epidemiol 21: 594-598. 

157. Farrar WE (1985) Antibiotic resistance in developing 

countries. J Infect Dis 152: 1103-1106. 

158. Bogaerts J, Verhaegen J, Munyabikali JP, Mukantabana B, 

Lemmens P, et al. (1997) Antimicrobial resistance and 

serotypes of Shigella isolates in Kigali, Rwanda (1983 to 

1993): increasing frequency of multiple resistance. Diagn 

Microbiol Infect Dis 28: 165-171. 

159. Opintan J, Newman MJ (2007) Distribution of serogroups 

and serotypes of multiple drug resistant Shigella isolates. 

Ghana Med J 41: 4-8. 

160. Mache A (2001) Antibiotic resistance and sero-groups of 

shigella among paediatric out-patients in southwest 

Ethiopia. East Afr Med J 78: 296-299. 

161. Iwalokun BA, Gbenle GO, Smith SI, Ogunledun A, 

Akinsinde KA, et al. (2001) Epidemiology of shigellosis in 

Lagos, Nigeria: trends in antimicrobial resistance. J Health 

Popul Nutr 19: 183-190. 

162. Gassama-Sow A, Diallo MH, Boye CS, Garin B, Sire JM, et 

al. (2006) Class 2 integron-associated antibiotic resistance in 

Shigella sonnei isolates in Dakar, Senegal. Int J Antimicrob 

Agents 27: 267-270. 

163. Shapiro RL, Kumar L, Phillips-Howard P, Wells JG, 

Adcock P, et al. (2001) Antimicrobial-resistant bacterial 

diarrhea in rural western Kenya. J Infect Dis 183: 1701-

1704. 

164. Legros D, Paquet C, Dorlencourt F, Saoult E (1999) Risk 

factors for death in hospitalized dysentery patients in 

Rwanda. Trop Med Int Health 4: 428-432. 

165. Riley L, Remis R, Helgerson S, McGee H, Wells J, et al. 

(1983) Hemorrhagic colitis associated with a rare 

Escherichia coli serotype. N Engl J Med 308: 681-685. 

166. Karmali MA, Steele BT, Petric M, Lim C (1983) Sporadic 

cases of haemolytic-uraemic syndrome associated with 

faecal cytotoxin and cytotoxin-producing Escherichia coli in 

stools. The Lancet 1: 619-620. 

167. O'Brien AD, Lively TA, Chang TW, Gorbach SL (1983) 

Purification of Shigella dysenteriae 1 (Shiga)-like toxin 

from Escherichia coli O157:H7 strain associated with 

hemorrhagic colitis. The Lancet ii: 573. 

168. Majalija S, Segal H, Ejobi F, Elisha BG (2008) Shiga Toxin 

Gene-Containing Escherichia coli from Cattle and Diarrheic 

Children in the Pastoral Systems of Southwestern Uganda. J 

Clin Microbiol 46: 352-354. 

169. Browning NG, Botha JR, Sacho H, Moore PJ (1990) 

Escherichia coli O157:H7 haemorrhagic colitis. Report of 

the first South African case. S Afr J Surg 28: 28-29. 

170. Isaacson M, Canter PH, Effler P, Arntzen L, Bomans P, et 

al. (1993) Haemorrhagic colitis epidemic in Africa. The 

Lancet 341: 961. 

171. Effler P, Isaäcson M, Arntzen L, Heenan R, Canter P, et al. 

(2001) Factors contributing to the emergence of Escherichia 

coli O157 in Africa. Emerg Infect Dis 7. 

172. Germanii Y, Soro B, Vohito M, Morel O, Morvan J (1997) 

Enterohaemorrhagic Escherichia coli in the Central African 

Republic. The Lancet 349: 1670. 

173. Cunin P, Tedjouka E, Germani Y, Ncharre C, Bercion R, et 

al. (1999) An epidemic of bloody diarrhea: Escherichia coli 

O157 emerging in Cameroon? Emerg Infect Dis 5: 285-290. 

174. Keusch G, Fontaine O, Bhargava A, Boschi-Pinto C, Bhutta 

Z, et al. (2006) Diarrheal Diseases. In: Jamison D, Evans D, 

Alleyne  G, Jha P, Breman J et al., editors. Disease Control 

Priorities In Developing Countries. New York: Oxford 

University Press. pp. 371-387. 

175. Ogunsanya TI, Rotimi VO, Adenuga A (1994) A study of 

the aetiological agents of childhood diarrhoea in Lagos, 

Nigeria. J Med Microbiol 40: 10-14. 

176. Olorunshola ID, Smith SI, Coker AO (2000) Prevalence of 

EHEC O157:H7 in patients with diarrhoea in Lagos, 

Nigeria. Apmis 108: 761-763. 

177. Dadie A, Karou T, Adom N, Kette A, Dosso M (2000) 

[Isolation of enteric pathogeic agents in Cote d'Ivoire: 

Escherichia coli O157:H7 and enteroaggregative E. coli]. 

Bull Soc Pathol Exot 93: 95-96. 

178. Kaddu-Mulindw DH, Aisu T, Gleier K, Zimmermann S, 

Beutin L (2001) Occurrence of Shiga toxin-producing 

Escherichia coli in fecal samples from children with 

diarrhea and from healthy zebu cattle in Uganda. Int J Food 

Microbiol 66: 95-101. 

179. Gwavava C, Chihota VN, Gangaidzo IT, Gumbo T (2001) 

Dysentery in patients infected with human 

immunodeficiency virus in Zimbabwe: an emerging role for 



Okeke - Diarrheagenic E. coli in Africa        J Infect Dev Ctries 2009; 3(11):817-842. 
 

839 
 

Schistosoma mansoni and Escherichia coli O157? Ann Trop 

Med Parasitol 95: 509-513. 

180. Kehl SC (2002) Role of the laboratory in the diagnosis of 

enterohemorrhagic Escherichia coli infections. J Clin 

Microbiol 40: 2711-2715. 

181. Gould LH, Bopp C, Strockbine N, Atkinson R, Baselski V, 

et al. (2009) Recommendations for diagnosis of shiga toxin-

-producing Escherichia coli infections by clinical 

laboratories. MMWR Recomm Rep 58: 1-14. 

182. Rajii MA, Minga UM, Machang'u RS (2008) Prevalence and 

characterization of verotocytoxin producing Escherichia coli 

O157 from diarrhoea patients in Morogoro, Tanzania. 

Tanzan J Health Res 10: 151-158. 

183. Abong'o BO, Momba MNB (2008) Prevalence and potential 

link between E. coli O157:H7 isolated from drinking water, 

meat and vegetables and stools of diarrhoeic confirmed and 

non-confirmed HIV/AIDS patients in the Amathole District; 

South Africa. J Appl Microbiol 105: 424-431. 

184. Nataro JP, Kaper JB, Robins-Browne R, Prado V, Vial P, et 

al. (1987) Patterns of adherence of diarrheagenic 

Escherichia coli to HEp-2 cells. Pediatr Infect Dis J 6: 829-

831. 

185. Bhan MK, Raj P, Levine MM, Kaper JB, Bhandari N, et al. 

(1989) Enteroaggregative Escherichia coli associated with 

persistent diarrhea in a cohort of rural children in India. J 

Infect Dis 159: 1061-1064. 

186. Wanke CA, Schorling JB, Barrett LJ, Desouza MA, 

Guerrant RL (1991) Potential role of adherence traits of 

Escherichia coli in persistent diarrhea in an urban Brazilian 

slum. Pediatr Infect Dis J 10: 746-751. 

187. Nataro JP, Mai V, Johnson J, Blackwelder WC, Heimer R, 

et al. (2006) Diarrheagenic Escherichia coli infection in 

Baltimore, Maryland, and New Haven, Connecticut. Clin 

Infect Dis 43: 402-407. 

188. Cohen MB, Nataro JP, Bernstein DI, Hawkins J, Roberts N, 

et al. (2005) Prevalence of diarrheagenic Escherichia coli in 

acute childhood enteritis: a prospective controlled study. J 

Pediatr 146: 54-61. 

189. IID ST (2000) A report of the study of infectious intestinal 

disease in England. London: Foodstandards Agency. 624 p. 

190. Itoh Y, Nagano I, Kunishima M, Ezaki T (1997) Laboratory 

investigation of enteroaggregative Escherichia coli O 

untypeable:H10 associated with a massive outbreak of 

gastrointestinal illness. J Clin Microbiol 35: 2546-2550. 

191. Okeke IN, Nataro JP (2001) Enteroaggregative Escherichia 

coli. Lancet Infect Dis 1: 304-313. 

192. Huang DB, Okhuysen PC, Jiang ZD, DuPont HL (2004) 

Enteroaggregative Escherichia coli: an emerging enteric 

pathogen. Am J Gastroenterol 99: 383-389. 

193. Huang DB, Nataro JP, DuPont HL, Kamat PP, Mhatre AD, 

et al. (2006) Enteroaggregative Escherichia coli is a cause of 

acute diarrheal illness: a meta-analysis. Clin Infect Dis 43: 

556-563. 

194. Shah N, DuPont HL, Ramsey DJ (2009) Global etiology of 

travellers' diarrhea: systematic review from 1973 to the 

present. Am J Trop Med Hyg 80: 609-614. 

195. Bernier C, Gounon P, Le Bouguenec C (2002) Identification 

of an aggregative adhesion fimbria (AAF) type III-encoding 

operon in enteroaggregative Escherichia coli as a sensitive 

probe for detecting the AAF-encoding operon family. Infect 

Immun 70: 4302-4311. 

196. Flores J, Okhuysen PC (2009) Genetics of susceptibility to 

infection with enteric pathogens. Curr Opin Infect Dis 22: 

471-476. 

197. Oundo JO, Kariuki SM, Boga HI, Muli FW, Iijima Y (2008) 

High incidence of enteroaggregative Escherichia coli among 

food handlers in three areas of Kenya: a possible 

transmission route of travellers' diarrhea. J Travel Med 15: 

31-38. 

198. Oberhelman RA, Laborde D, Mera R, Starszak E, Saunders 

P, et al. (1998) Colonization with enteroadherent, 

enterotoxigenic and enterohemorrhagic Escherichia coli 

among day-care center attendees in New Orleans, Louisiana. 

Pediatr Infect Dis J 17: 1159-1162. 

199. Adachi JA, Mathewson JJ, Jiang ZD, Ericsson CD, DuPont 

HL.(2002) Enteric pathogens in Mexican sauces of popular 

restaurants in Guadalajara, Mexico, and Houston, Texas. 

Ann Intern Med. 18;136:884-7. 

200. Odugbemi T, Odujinrin OM, Akitoye CO, Oyerinde JP, 

Esumeh FI (1991) Study on the pH of ogi, Nigerian 

fermented weaning food, and its effect on enteropathogenic 

Escherichia coli, Salmonella typhi and Salmonella 

paratyphi. J Trop Med Hyg 94: 219-223. 

201. Kingamkono R, Sjogren E, Svanberg U (1999) 

Enteropathogenic bacteria in faecal swabs of young children 

fed on lactic acid-fermented cereal gruels. Epidemiol Infect 

122: 23-32. 

202. Jalaluddin S, de Mol P, Hemelhof W, Bauma N, Brasseur D, 

et al. (1998) Isolation and characterization of 

enteroaggregative Escherichia coli (EAggEC) by genotypic 

and phenotypic markers, isolated from diarrheal children in 

Congo. Clin Microbiol Infect 4: 213-219. 

203. Baudry B, Savarino SJ, Vial P, Kaper JB, Levine MM 

(1990) A sensitive and specific DNA probe to identify 

enteroaggregative Escherichia coli, a recently discovered 

diarrheal pathogen. J Infect Dis 161: 1249-1251. 

204. Sheikh J, Czeczulin JR, Harrington S, Hicks S, Henderson 

IR, et al. (2002) A novel dispersin protein in 

enteroaggregative Escherichia coli. J Clin Invest 110: 1329-

1337. 

205. Monteiro BT, Campos LC, Sircili MP, Franzolin MR, 

Bevilacqua LF, et al. (2009) The dispersin-encoding gene 

(aap) is not restricted to enteroaggregative Escherichia coli. 

Diagn Microbiol Infect Dis 65: 81-84. 

206. Cerna JF, Nataro JP, Estrada-Garcia T (2003) Multiplex 

PCR for detection of three plasmid-borne genes of 

enteroaggregative Escherichia coli strains. J Clin Microbiol 

41: 2138-2140. 

207. Huang DB, Mohamed JA, Nataro JP, DuPont HL, Jiang Z-

D, et al. (2007) Virulence characteristics and the molecular 

epidemiology of enteroaggregative Escherichia coli isolates 

from travellers to developing countries. J Med Microbiol 56: 

1386-1392. 

208. Albert MJ, Qadri F, Haque A, Bhuiyan NA (1993) Bacterial 

clump formation at the surface of liquid culture as a rapid 

test for identification of enteroaggregative Escherichia coli. 

J Clin Microbiol 31: 1397-1399. 

209. Iwanaga M, Song T, Higa N, Kakinohana S, Toma C, et al. 

(2002) Enteroaggregative Escherichia coli: incidence in 

Japan and usefulness of the clump-formation test. J Infect 

Chemother 8: 345-348. 

210. Snelling AM, Macfarlane-Smith LR, Fletcher JN, Okeke IN 

(2009) The commonly-used DNA probe for diffusely-

adherent Escherichia coli cross-reacts with a subset of 

enteroaggregative E. coli. BMC Microbiology, 9: 269. 

211. Wakimoto N, Nishi J, Sheikh J, Nataro JP, Sarantuya JAV, 

et al. (2004) Quantitative biofilm assay using a microtiter 



Okeke - Diarrheagenic E. coli in Africa        J Infect Dev Ctries 2009; 3(11):817-842. 
 

840 
 

plate to screen for enteroaggregative Escherichia coli. Am J 

Trop Med Hyg 71: 687-690. 

212. Mendez-Arancibia E, Vargas M, Soto S, Ruiz J, Kahigwa E, 

et al. (2008) Prevalence of different virulence factors and 

biofilm production in enteroaggregative Escherichia coli 

isolates causing diarrhea in children in Ifakara (Tanzania). 

Am J Trop Med Hyg 78: 985-989. 

213. Harrington SM, Dudley EG, Nataro JP (2006) Pathogenesis 

of enteroaggregative Escherichia coli infection. FEMS 

Microbiol Lett 254: 12-18. 

214. Czeczulin J, Whittam T, Henderson I, Navarro-Garcia F, 

Nataro J (1999) Phylogenetic analysis of virulence genes in 

enteroaggregative and diffusely-adherent Escherichia coli. 

Infection and Immunity 67: 2692–2699. 

215. Mohamed JA, Huang DB, Jiang ZD, Dupont HL, Nataro JP, 

et al. (2007) Association of putative enteroaggregative 

Escherichia coli virulence genes and biofilm production in 

isolates from travellers to developing countries. J Clin 

Microbiol. 45:121-126 

216. Huang DB, Jiang ZD, Dupont HL (2003) Association of 

virulence factor-positive and -negative enteroaggregative 

Escherichia coli and occurrence of clinical illness in 

travellers from the United States to Mexico. Am J Trop Med 

Hyg 69: 506-508. 

217. Okeke IN, Scaletsky IC, Soars EH, Macfarlane LR, Torres 

AG (2004) Molecular epidemiology of the iron utilization 

genes of enteroaggregative Escherichia coli. J Clin 

Microbiol 42: 36-44. 

218. Dudley EG, Thomson NR, Parkhill J, Morin NP, Nataro JP 

(2006) Proteomic and microarray characterization of the 

AggR regulon identifies a pheU pathogenicity island in 

enteroaggregative Escherichia coli. Mol Microbiol 61: 

1267-1282. 

219. Joo LM, Macfarlane-Smith LR, Okeke IN (2007) Error-

prone DNA repair system in enteroaggregative Escherichia 

coli identified by subtractive hybridization. J Bacteriol 189: 

3793-3803. 

220. Bhargava S, Johnson BB, Hwang J, Harris TA, George AS, 

et al. (2009) The heat resistant agglutinin 1 is an accessory 

enteroaggregative Escherichia coli colonization factor. J 

Bacteriol. 191(15):4934-42. 

221. Cennimo D, Abbas A, Huang DB, Chiang T (2009) The 

prevalence and virulence characteristics of 

enteroaggregative Escherichia coli at an urgent-care clinic 

in the USA: a case-control study. J Med Microbiol 58: 403-

407. 

222. Sang WK, Oundo JO, Mwituria JK, Waiyaki PG, Yoh M, et 

al. (1997) Multidrug-resistant enteroaggregative Escherichia 

coli associated with persistent diarrhea in Kenyan children. 

Emerg Infect Dis 3: 373-374. 

223. Wallace-Gadsden F, Wain J, Johnson JR, Okeke IN (2007) 

Enteroaggregative Escherichia coli related to uropathogenic 

Clonal Group A. Emerg Infect Dis 13: 757-760. 

224. Gassama A, Aidara-Kane A, Chainier D, Denis F, Ploy MC 

(2004) Integron-associated antibiotic resistance in 

enteroaggregative and enteroinvasive Escherichia coli. 

Microb Drug Resist 10: 27-30. 

225. Tacket CO, Moseley SL, Kay B, Losonsky G, Levine MM 

(1990) Challenge studies in volunteers using Escherichia 

coli strains with diffuse adherence to HEp-2 cells. J Infect 

Dis 162: 550-552. 

226. Nataro JP (2006) Atypical enteropathogenic Escherichia 

coli: typical pathogens? Emerg Infect Dis 12: 696. 

227. Cegielski JP, Msengi AE, Dukes CS, Levine MM (1996) 

Pathogenic Escherichia coli in children with and without 

chronic diarrhea in Tanzania. J Infect Dis 174: 675-677. 

228. Le Bouguenec C, Servin AL (2006) Diffusely adherent 

Escherichia coli strains expressing Afa/Dr adhesins (Afa/Dr 

DAEC): hitherto unrecognized pathogens. FEMS Microbiol 

Lett 256: 185-194. 

229. Guignot J, Chaplais C, Coconnier-Polter MH, Servin AL 

(2006) The secreted autotransporter toxin, Sat, functions as a 

virulence factor in Afa/Dr diffusely adhering Escherichia 

coli by promoting lesions in tight junction of polarized 

epithelial cells. Cell Microbiol. 9:204-21 

230. Scaletsky ICA, Michalski J, Torres AG, Dulguer MV, Kaper 

JB (2005) Identification and characterization of the locus for 

diffuse adherence, which encodes a novel afimbrial adhesin 

found in atypical enteropathogenic Escherichia coli. Infect 

Immun 73: 4753-4765. 

231. Elias WP, Jr., Czeczulin JR, Henderson IR, Trabulsi LR, 

Nataro JP (1999) Organization of biogenesis genes for 

aggregative adherence fimbria II defines a virulence gene 

cluster in enteroaggregative Escherichia coli. J Bacteriol 

181: 1779-1785. 

232. Okeke IN, Steinruck H, Kanack KJ, Elliott SJ, Sundstrom L, 

et al. (2002) Antibiotic-resistant cell-detaching Escherichia 

coli strains from Nigerian children. J Clin Microbiol 40: 

301-305. 

233. Elliott SJ, Srinivas S, Albert MJ, Alam K, Robins-Browne 

RM, et al. (1998) Characterization of the roles of hemolysin 

and other toxins in enteropathy caused by alpha-hemolytic 

Escherichia coli linked to human diarrhea. Infect Immun 66: 

2040-2051. 

234. Colonna B, Ranucci L, Fradiani PA, Casalino M, Calconi A, 

et al. (1992) Organization of aerobactin, hemolysin, and 

antibacterial resistance genes in lactose-negative 

Escherichia coli strains of serotype O4 isolated from 

children with diarrhea. Infect Immun 60: 5224-5231. 

235. Kesah CN, Coker AO, Alabi SA, Olukoya DK (1996) 

Prevalence, antimicrobial properties and beta-lactamase 

production of haemolytic enterobacteria in patients with 

diarrhoea and urinary tract infections in Legos, Nigeria. 

Cent Afr J Med 42: 147-150. 

236. Nicoletti M, Superti F, Conti C, Calconi A, Zagaglia C 

(1988) Virulence factors of lactose-negative Escherichia 

coli strains isolated from children with diarrhea in Somalia. 

J Clin Microbiol 26: 524-529. 

237. Fabrega VLA, Ferreira AJP, Patricio F, Brinkley C, 

Scaletsky ICA (2002) Cell-detaching Escherichia coli 

(CDEC) strains from children with diarrhea: identification 

of a protein with toxigenic activity. FEMS Microbiol Lett 

217: 191-197. 

238. Wold A, Caugant D, Lidin-Janson G, de Man P, Svanborg C 

(1992) Resident colonic Escherichia coli strains frequently 

display uropathogenic characteristics. J Infect Dis 165: 46-

52. 

239. Gunzburg ST, Chang BJ, Elliott SJ, Burke V, Gracey M 

(1993) Diffuse and enteroaggregative patterns of adherence 

of enteric Escherichia coli isolated from aboriginal children 

from the Kimberley region of Western Australia. J Inf Dis 

167: 755-758. 

240. Scott DA, Kaper JB (1994) Cloning and sequencing of the 

genes encoding Escherichia coli cytolethal distending toxin. 

Infect Immun 62: 244-251. 

241. Pickett CL, Cottle DL, Pesci EC, Bikah G (1994) Cloning, 

sequencing, and expression of the Escherichia coli 



Okeke - Diarrheagenic E. coli in Africa        J Infect Dev Ctries 2009; 3(11):817-842. 
 

841 
 

cytolethal distending toxin genes. Infect Immun 62: 1046-

1051. 

242. Asakura M, Hinenoya A, Alam MS, Shima K, Zahid SH, et 

al. (2007) An inducible lambdoid prophage encoding 

cytolethal distending toxin (Cdt-I) and a type III effector 

protein in enteropathogenic Escherichia coli. Proc Nat Acad 

Sci USA 104: 14483-14488. 

243. Huilan S, Zhen LG, Mathan MM, Mathew MM, Olarte J, et 

al. (1991) Etiology of acute diarrhoea among children in 

developing countries: a multicentre study in five countries. 

Bull World Health Org 69: 549-555. 

244. Gomi H, Jiang ZD, Adachi JA, Ashley D, Lowe B, et al. 

(2001) In vitro antimicrobial susceptibility testing of 

bacterial enteropathogens causing traveller's diarrhea in four 

geographic regions. Antimicrob Agents Chemother 45: 212-

216. 

245. Kebede A, Polderman AM (2004) Etiology of acute diarrhea 

in adults in southwestern Nigeria. J Clin Microbiol 42: 3909; 

author reply 3909-3910. 

246. Levine MM, Kotloff K, Nataro J, Alonso PL, Sow SO, et al. 

(2007) The Global Enteric Multi-Center Study (GEMS). 

Symposium 117 in the 56th Annual meeting of the 

American Society for Tropical Medicine and Hygiene. 

Philadelphia. 

247. Thielman NM, Guerrant RL (2004) Clinical practice. Acute 

infectious diarrhea. N Engl J Med 350: 38-47. 

248. Barletta F, Ochoa TJ, Ecker L, Gil AI, Lanata CF, et al. 

(2009) Validation of Five-Colony Pool Analysis Using 

Multiplex Real-Time PCR for Detection of Diarrheagenic 

Escherichia coli. J Clin Microbiol 47: 1915-1917. 

249. Merson MH, Sack RB, Kibriya AK, Al-Mahmood A, 

Adamed QS, et al. (1979) Use of colony pools for diagnosis 

of enterotoxigenic Escherichia coli diarrhea. J Clin 

Microbiol 9: 493-497. 

250. Morris GK, Merson MH, Sack DA, Wells JG, Martin WT, 

et al. (1976) Laboratory investigation of diarrhea in 

travellers to Mexico: evaluation of methods for detecting 

enterotoxigenic Echerichia coli. J Clin Microbiol 3: 486-

495. 

251. Ntoumi F, Djimde AA, Mbacham W, Egwang T (2004) The 

importance and future of malaria research in Africa. Am J 

Trop Med Hyg 71: 0-iv-. 

252. Okeke IN, Wain J (2008) Post-genomic challenges for 

collaborative research in infectious diseases. Nat Rev 

Microbiol 6: 858-864. 

253. Lindblom GB, Ahren C, Changalucha J, Gabone R, Kaijser 

B, et al. (1995) Campylobacter jejuni/coli and 

enterotoxigenic Escherichia coli (ETEC) in faeces from 

children and adults in Tanzania. Scand J Infect Dis 27: 589-

593. 

254. Chunge RN, Simwa JM, Karumba PN, Kenya PR, Kinoti 

SN, et al. (1992) Comparative aetiology of childhood 

diarrhoea in Kakamega and Kiambu Districts, Kenya. East 

Afr Med J 69: 437-441. 

255. Crane JK, Choudhari SS, Naeher TM, Duffey ME (2006) 

Mutual enhancement of virulence by enterotoxigenic and 

enteropathogenic Escherichia coli. Infect Immun 74: 1505-

1515. 

256. Galván-Moroyoqui J, DomÃnguez-Robles M, Franco E, 

Meza I (2008) The Interplay between Entamoeba and 

enteropathogenic bacteria modulates epithelial cell damage. 

PLoS Negl Trop Dis 2: e266. 

257. Barrell RA, Rowland MG (1979) Infant foods as a potential 

source of diarrhoeal illness in rural West Africa. Trans R 

Soc Trop Med Hyg 73: 85-90. 

258. Elegbe IA, Ojofeitimi EO, Elegbe I, Akinola MO (1982) 

Pathogenic bacteria isolated from infant feeding teats: 

contamination of teats used by illiterate and educated 

nursing mothers in Ile-Ife, Nigeria. Am J Dis Child 136: 

672-674. 

259. Black RE, Brown KH, Becker S, Abdul Alim A, Merson 

MH (1982) Contamination of weaning foods and 

transmission of enterotoxigenic Escherichia coli diarrhoea 

in children in rural Bangladesh. Trans R Soc Trop Med Hyg 

76: 259-264. 

260. Admassu M, Wubshet M, Tilaye T (2003) Sanitary Survey 

in Gondar Town. Ethiop J Health Dev 17: 215-219. 

261. Quick RE, Kimura A, Thevos A, Tembo M, Shamputa I, et 

al. (2002) Diarrhea prevention through household-level 

water disinfection and safe storage in Zambia. Am J Trop 

Med Hyg 66: 584-589. 

262. Crump JA, Otieno PO, Slutsker L, Keswick BH, Rosen DH, 

et al. (2005) Household based treatment of drinking water 

with flocculant-disinfectant for preventing diarrhoea in areas 

with turbid source water in rural western Kenya: cluster 

randomised controlled trial. Brit Med J 331: 478. 

263. Asefa M, Drewett R, Tessema F (2002) A birth cohort study 

in South-West Ethiopia to identify factors associated with 

infant mortality that are amenable for intervention. Ethiop J 

Health Dev 16: 13-20. 

264. Cohen D, Green M, Block C, Slepon R, Ambar R, et al. 

(1991) Reduction of transmission of shigellosis by control of 

houseflies (Musca domestica). Lancet 337: 993-997. 

265. Kariuki S, Gilks C, Kimari J, Obanda A, Muyodi J, et al. 

(1999) Genotype analysis of Escherichia coli strains isolated 

from children and chickens living in close contact. Appl 

Environ Microbiol 65: 472-476. 

266. Phillips M, Kumate-Rodriguez J, Mota-Hernández F (1989) 

Costs of treating diarrhoea in a children's hospital in Mexico 

City. Bull World Health Org 67: 273-280. 

267. Brown RC (1996) Antibiotic sensitivity testing for 

infections in developing countries: lacking the basics 

[letter]. JAMA 276: 952-953. 

268. Adetosoye AI, Rotilu IO (1987) Transmissible drug 

resistance among Shigellae and other enterobacteriaceae 

isolated from diarrhoeic human beings in Ibadan, Nigeria. 

Zentralbl Bakteriol Mikrobiol Hyg [A] 265: 169-175. 

269. Goma Epidemiology Group (1995) Public health impact of 

Rwandan refugee crisis:  what happened in Goma, Zaire, in 

July, 1994. The Lancet 345: 339-344. 

270. Thornton SA, Wignall SF, Kilpatrick ME, Bourgeois AL, 

Gardiner C, et al. (1992) Norfloxacin compared to 

trimethoprim/sulfamethoxazole for the treatment of 

travellers' diarrhea among U.S. military personnel deployed 

to South America and West Africa. Mil Med 157: 55-58. 

271. Wistrom J, Norrby SR, Burman LG, Lundholm R, Jellheden 

B, et al. (1987) Norfloxacin versus placebo for prophylaxis 

against travellers' diarrhoea. J Antimicrob Chemother 20: 

563-574. 

272. Wistrom J, Jertborn M, Hedstrom SA, Alestig K, Englund 

G, et al. (1989) Short-term self-treatment of travellers' 

diarrhoea with norfloxacin: a placebo-controlled study. J 

Antimicrob Chemother 23: 905-913. 

273. Koo HL, Dupont HL (2009) Rifaximin: a unique 

gastrointestinal-selective antibiotic for enteric diseases. Curr 

Opin Gastroenterol. 



Okeke - Diarrheagenic E. coli in Africa        J Infect Dev Ctries 2009; 3(11):817-842. 
 

842 
 

274. Sack RB, Rahman M, Yunus M, Khan EH (1997) 

Antimicrobial resistance in organisms causing diarrheal 

disease. Clin Infect Dis 24 Suppl 1: S102-105. 

275. Walker-Smith JA (2001) Post-infective diarrhoea. Curr Opin 

Infect Dis 14: 567-571. 

 

  

Corresponding Author 
Iruka N Okeke 
Department of Biology, Haverford College,  

370 Lancaster Avenue, Haverford, PA 19041, USA 

Tel 610 896 1470, Fax 610 896 4963 

e-mail: iokeke@haverford.edu 

 

 

Conflict of Interest: No conflict of interest is declared. 

 

 

 


